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In this thesis luminescent materials are studied. The luminescent materials studied are lanthanide 
complexes and group 11 iodide sensing abilities. Emission intensity of the lanthanide complexes 
through direct excitation of the lanthanide ion are relatively weak. To overcome this, three unique 
organic ligands were utilized to synthesize lanthanide nitrate complexes in which higher emission 
intensity can be observed via the antenna effect. Increased emission intensity resulted for EuIII and 
TbIII complexes for each ligand except triphenylphosphane oxide (only the TbIII complex 
demonstrated increased emission intensity). Latva’s empirical rule allows for the antenna effect to 
occur, in which energy is transferred from the triplet state of the organic ligand, to occur only for 
Ln3+ ion. In the case where Latva’s empirical rules does not apply, energy transfer from the excited 
singlet state of the organic ligand can transfer energy into the Ln3+ ion as demonstrated by ligands 
triphenylarsane oxide and bis(diphenylphosphino)ethane dioxide coordinating to the lanthanide 
nitrates. In the second part of the thesis, the vapochromic behavior of heterometallic and 
homometallic nanoparticles are observed upon the exposure to various nucleophilic vapors. 
 Nucleophilic vapors can be detrimental to human health and are present in both lab and household 
environments. Cuprous iodide nanoparticles and iodocuprate(I)/argenate(I) nanoparticles of 
different metal content ratios are synthesized and characterized through powder X-ray diffraction 
and diffuse reflectance spectroscopy. These systems demonstrate distinct changes in emission 
color upon exposure to similar aromatic nucleophilic vapors. The emitting species upon exposure 
is identical for all systems and contains homogenous blend. Kinetic studies utilizing dimethyl 
sulfide as the nucleophilic vapor were carried out to develop a two-step vapochromic reaction 
mechanism. Through these studies it was revealed that increased silver(I) content results in a more 
rapid formation of the emissive product as compared to the pure cuprous iodide system. This study 
demonstrates that mixed metal salts surpass the sensing capabilities over single metal iodide 
analogs.  
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CHAPTER 1 
INTRODUCTION 
1.1 Luminescence 
Luminescence is sometimes referred to as ‘cold light’  in which light is produced from energy 
sources other than black body radiation or heat. This distinguishes luminescence from 
incandescence which is due to heating. Radiation is typically produced when an electron relaxes 
from an excited energy state to a lower energy state with the concurrent emission of a photon.  The 
energy or wavelength of the emitting photon depends heavily on the energy difference between 
the two states and is an intrinsic function of the molecular orbital distribution and electron 
occupation.  Electrons can be excited to higher states by a number of different mechanisms. The 
primary difference between luminescence and incandesces is the specific mechanism of electron 
excitation.  Incandesces uses thermal excitation while luminescence uses other energy inputs such 
as electrical, chemical, magnetic, optical, etc. Electrical excitation, electroluminescence, is the 
basis for electronic light emitting diodes (LED),1–3 while chemical excitation, chemiluminescence, 
results when chemical reaction pathways leave products in excited states that eventually decay 
radiatively. Bioluminescence from the luciferase/luciferin reaction4 is probably the most familiar 
chemiluminescence and is responsible for the light given off by fireflies and deep-sea creatures, 
but many common chemical reactions are also known to chemiluminescence such as the reaction 
of tetrakis(dimethylamino)ethylene with oxygen.5 There are other types of luminescence which 
include thermoluminescence, in which re-emission of absorbed energy is observed upon heating 
of a complex, but optical excitation is by far the easiest and most versatile mechanism to study 
luminesce.  Optically excited luminescence, or photoluminescence, is the emission of light upon 
the absorption of photon and has broad practical applications in forensic science, light emitting 
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diodes, and sensing.6–15 Scheme 1.1 below diagrammatically demonstrates optical luminescence 
via fluorescence and phosphorescence for a two-system intersystem crossing. There are types of 
fluorescence including immunofluorescence, epifluorescence, confocal, and multiphoton 
fluorescence but the scope of the research focuses on the fluorescence which occurs optically.  
Scheme 1.1. A simplified diagram demonstrating the photoluminescence behavior via 
fluorescence and phosphorescence pathways for a two-system intersystem crossing mechanism. 
 
 The scheme above is also known as the Jablonski diagram and demonstrates the pathways 
for photoluminescence. Photoluminescence is defined as the re-emission of a photon from a 
material from the excited state to a lower energy state. Depending on the re-emission of the photon, 
it can be demonstrated as fluorescence or phosphorescence. In the scheme above, S0, S1, S2, and 
T1 represent the ground, first and second singlet excited and the triplet excited electron states of a 
photoluminescent material respectively. Upon absorption of light by the complex, it is excited 
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from its ground state, S0, to higher energy states, S1 or S2 that rapidly relaxes non-radiatively to a 
lower excited energy level, S1. This is process is known as internal conversion and occurs within 
10-12 seconds or less. Emission from the excited state occurs at a lower energy than absorption due 
to this internal conversion process.1–3 Once internal conversion occurs, emission from S1 can occur 
in two different ways. When S1 radiatively decays to S0, this type of photoluminescence is 
described as fluorescence. Another radiative decay can occur when S1 decays to S0 through the 
triplet state, T1 and is known as phosphorescence. To get to this triplet state, intersystem crossing 
must occur from S1 to T1. Granted triplet states can be achieved by direct S0 → T1 transition but 
the probability is less achievable than the S0 → S1 transition due to spin selection rules. Intersystem 
crossing occurs in a molecule with a high degree of spin-orbit coupling, the spin angular 
momentum of the electron, and the coupling of the orbital angular momentum which allows for 
this conversion to take place. The spin orbit coupling strength increases with the mass of the atom 
which makes heavy metals such as lanthanides a likely candidate for phosphorescent complexes. 
Since the excited triplet state and singlet ground state have different spin multiplicity this transition 
is forbidden but spin orbit coupling relaxes this restriction and allows from the radiative transition 
known as phosphorescence to become possible.  Typical lifetime for phosphorescence can range 
from milliseconds to hours while fluorescence is 10-8 seconds or less.1–3 There are pathways in 
which all the energy used in excitation of a luminescent material is not re-emitting as light. This 
type of transition is called the non-radiative transition and this transition can occur with radiative 
emission. The excitation energy stored in the complex following absorption must disperse in 
accordance to the law of conservation of energy. The non-radiative process occurs rapidly and 
releases small amount of energy in this process. The remaining stored energy will be dispersed 
either non-radiatively by the release of thermal energy or by the radiative process through the 
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emission of light. An efficient luminescent material is one in which the radiative transition 
dominates over the non-radiative transition resulting in high light output.1,16  
1.2 Photoluminescence 
Photoluminescent materials have numerous applications in society today. These materials are 
most commonly utilized as emergency exit signs and path markings due to black-out situations but 
in recent decades have been utilized in optoelectronics and sensing materials as well. The 
spectroscopic properties of lanthanide ions in the visible range make them particularly interesting 
for use as gas storage, organic light emitting diodes (OLEDs), and lasers.17–19 However, the 
emission efficiency of lanthanide ions remains rather low and needs incorporation of organic 
ligands to implement energy transfer to the ion through a process known as the antenna effect 
(described below). Due to rather low emission efficiency of lanthanide ions, various transition 
metals have been investigated for use in optoelectronics which include iridium, zinc, magnesium, 
and copper.20–22 Interestingly, copper iodide not only has use in optoelectronic devices but shows 
potential as a feasible chemical sensor as well based on published work by Patterson’s group.23 
Unfortunately the response time was that of hours and to be considered a chemical sensor, 
detection must occur within one minute upon exposure with high desire to react with the first ten 
seconds.24 Further discussion of lanthanide elements and group 11 iodides are discussed below.  
1.2.1 Lanthanide Elements 
The lanthanide series is a group of 14 elements that range from cerium (atomic number 58) 
to lutetium (atomic number 71). These elements are known for their partially filled f orbitals, but 
the lanthanide series can be extended to the element’s scandium, yttrium, and lanthanum due their 
similarity in chemical properties and electronic configuration to the lanthanide series. The 
inclusion of scandium, lanthanum, and yttrium increases the series to 17 elements and this greater 
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series is known as the rare earth elements. Despite being known as rare earths, these elements are 
no less abundant in nature than silver or tin. These elements and their compounds display 
interesting photoluminescent properties upon the irradiation with ultraviolet energy. Depending 
upon their specific electron configuration, each lanthanide ion generates many electronic levels in 
which sharp and recognizable emission bands can be observed. Certain lanthanide ions emit in the 
visible region, for instance Eu3+ emits red light, Tb3+ green light, and Sm3+ orange light, while 
some ions emit in the near infrared region (ex: Pr3+, Er3+). These emitted colors were first observed 
by Becquerel in 1906 when he noticed sharp absorption lines while he performed absorption 
measurements on lanthanide ions.25 These elements share many similar properties  such as 
solubility, density and most importantly the same outer electronic configuration 5s25p66s2.26  Since 
the electrons in 4f shell are shielded by the filled 5s and 5p shells, Becquerel with the help of Bethe 
and Kramers suggested that the lines were due to intraconfigurational 4fn-4fn transitions.27–29 These 
intraconfigurational 4fn-4fn transitions are forbidden by the Laporte selection rules.30 The Laporte 
selection rules do state that the electron-dipole transition must arise from the states of opposite 
parity while magnetic dipole transitions are allowed in lanthanide ions.31 An example of a pure 
magnetic dipolar transition is the 5D0 → 7F1 emission line of Eu3+.  An example of an electric 
dipolar transition in Eu3+ is the 5D0 → 7F2 emission line which is hypersensitive. These 
hypersensitive transitions are electric dipole transitions whose intensity is extremely sensitive to 
changes in the environment of the Ln3+ ion which includes the electric fields generated by a 
complexing ligand.31 Lanthanide ion luminescence is characteristic by narrow emission lines and 
long lifetimes on the order of milliseconds, but their absorptions are relatively weak through direct 
photo-excitation of the lanthanide ion due to the forbidden nature of the transitions. This direct 
photo-excitation of lanthanide ions is quite difficult and results in lower emission intensity. A 
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process known as the antenna effect can be utilized to transfer energy from organic ligands to 
lanthanide ions as shown in Scheme 1.2 below.  
Scheme 1.2. An illustration demonstrating the antenna effect. 
 
To design highly luminescent Ln3+ complexes, the energy transfer process from the ligand 
to the Ln3+ ion must be achieved in order to maximize the emission that arises from 4f-4f 
intraconfigurational transitions.32 This process was first discovered by Weissman who noticed 
energy transfers that took place from the coordinated ligands to the central metal ion which resulted 
in increased emission.33 The mechanism of energy transfer from the organic ligand to the 
lanthanide ion can be described in several steps. (1) The light-harvesting ligand is excited from the 
ground singlet state (S0) to the singlet excited state (S1) of the organic ligand. Some ligands have 
several singlet excited states and nonradiative relaxation from these higher singlet states to the 
lowest singlet state occur via internal conversion. (2) The excited singlet state decays non-
radiatively to a ligand triplet state via intersystem crossing. This process is more efficient for heavy 
atoms such as lanthanides which promote spin-orbit coupling. (3) Nonradiative energy transfer 
pathway from the triplet state of the ligand to the excited states of the Ln3+ ion with subsequent 
radiative transition to the ground state of the Ln3+ ion .34–36 There are cases in which direct energy 
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transfer from the excited singlet state to the excited states of the Ln3+ ion is observed as well.37 
The incorporation of a ligand to the Ln3+ complex is crucial for effective photoluminescence 
behavior. The ligand selected is most commonly an aromatic or heterocyclic moiety with a 
conjugated π-system that can absorb the excitation energy and donate it to the lanthanide ion. 
Lanthanide complexes which contained the β-diketonate ligand are the first reported examples for 
that demonstrated very efficient antenna effects in which the oxygen binds with the Ln3+ ion.38–42 
Another ligand that demonstrated available π-systems is diphosphane dioxide.43 The phosphane 
oxide group forces hydrogen atoms to be removed from the surroundings of the Ln3+ ion allowing 
for more efficient energy transfer. This gives reasoning to the selected organic ligands being tested 
in this thesis as described below.  
1.2.2 Group 11 Iodides 
Group 11 iodides have demonstrated interesting emission properties like that of lanthanide 
complexes which have been utilized for organic light emitting diodes and as chemical sensors. 
Copper(I) halides have been extensively studied by Peter Ford in which he demonstrated them to 
be very reactive with pyridine and pyridine derivatives in which brightly emissive complexes were 
produced.28–44 Researchers have studied these emissive complexes for the past several decades 
which is demonstrated in Figure 1.1 below.61 
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Figure 1.1. Cu4I4L4 emission under UV irradiation at room temperature. (L = pyridine (I), 3,4-
dimethyl-pyridine (II), 2,4,6-trimethyl-pyridine (III), 2-methyl-5-ethyl-pyridine (IV). Adapted 
from reference 61.  
 
Reactions of these metal halides with nucleophilic ligands which contained phosphorus, 
sulfur, and nitrogen have resulted in various structures as shown in Scheme 1.3 below. Of greatest 
interest was the cubane structure, Cu4I4Py4, and was studied by Ford et al to determine the 
complexes’ photophysical properties at room and sub-ambient temperatures.49,50 At room 
temperature, the complex demonstrated an orange color (580 nm), but when cooled two emissive 
bands were observed. The emission band at room temperature was red shifted by 39 nm (619 nm) 
and decreased in intensity due to a new dominant peak at 438 nm. It was determined by Kyle et 
al. that the red shift was characteristic of complexes with short Cu⋯Cu distances and was 
independent of the ligand.47,50,62,63 This same emission band is observed in other Cu4I4L4 
complexes when the ligand, L, is aromatic and is observed as a cluster-centered transition.52,54 
Saturated amine ligands demonstrated emission bands at shorter wavelengths, which have been 
interpreted as halide to metal to ligand charge transfers.52,54 Due to this discovery, Patterson’s 
group conducted experiments on iodocuprate(I) films and its ability to act as a chemical sensor 
based on previous published works by Ford et al. 
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Scheme 1.3. Various structures observed in iodocuprate(I) compounds.  
 
 Inorganic and organometallic complexes have been studied for their vapochromic behavior 
upon the exposure to nucleophilic vapors.64–67 For a complex to demonstrate vapochromic 
behavior, a change in color must be observed in response to the vapor of an organic compound of 
gas. The most fascinating discovery of these complexes was the change in luminescence properties 
upon exposure. Of particular interest are the previously reported CuI films and their ability to sense 
sulfur and nitrogen containing nucleophilic vapors.23 Upon UV irradiation at 365 nm, these films 
appeared to be non-luminescent. Under the same UV irradiation, a drastic change in emission 
response is observed upon exposure to nucleophilic vapors. The change in emission is dependent 
upon the nucleophilic vapor molecule that coordinates to the CuI film upon exposure. The various 
emission colors observed upon exposure to nucleophilic vapors demonstrated a proof of concept 
for the use of group 11 iodides as potential chemical sensors. Unfortunately, a major drawback to 
these films was their limited ability to quickly detect nucleophilic vapors on minute to second time 
scale. Mixed metal systems have demonstrated vapochromic behavior and enhanced detection 
properties which might allow to overcome this limitation.  
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 Leznoff et al. have previously published on mixed metal systems and polymers that 
demonstrated luminescence and vapochromic behavior.52–90 Of particular interest are various 
CuCN/AuCN salt complexes in which a disruption in metallophilic bonding led to vapochromic 
behavior. Vapochromic reactions with dimethylformamide (DMF), dimethyl sulfoxide (DMSO), 
pyridine and dimethyl sulfide (DMS) were studied by Leznoff et al which demonstrated a change 
in emission upon exposure.91 Of interest is the complex [Cu½Au½CN]2(DMS) which has been 
previously reported with emission properties and it was presumed that when Cu½Au½CN is 
exposed to dimethyl sulfide, vapochromic behavior would be observed. Surprisingly, no change 
in emission color is observed upon exposure to DMS vapor. Leznoff et al. determined that no 
vapochromism is observed due to the extended network of strong Au⋯Au interactions. These 
strong Au⋯Au interactions bestowed a kinetic barrier which does not allow for structural 
rearrangement upon exposure to vapors. Cu2/3Au1/3CN was investigated to see if the vapochromic 
behavior was similar to Cu½Au½CN. The result was a decrease in Au⋯Au interactions which 
lowered the kinetic barrier, and with the increase in Cu loading, more Cu binding sites were 
available for incoming DMS vapor. Upon exposure to DMS vapor, Cu2/3Au1/3CN demonstrated a 
change in emissive color from yellow to bright blue. This changed color occured within several 
minutes which is more rapid than the homometallic CuI films previously stated. Powder X-ray 
diffraction (PXRD) measurements were carried out to compare Cu2/3Au1/3CN(DMS) to 
[Cu½Au½CN]2(DMS) and can be observed in Figure 1.2 below. The simulated pattern of 
[Cu½Au½CN]2(DMS) and PXRD measurements of Cu2/3Au1/3CN(DMS) were in good agreement 
with each other. This confirmed that DMS favors binding at the Cu(I) site in Cu2/3Au1/3CN(DMS). 
Increased nucleophilic reaction times have been observed for these mixed metal systems, but to 
achieve vapochromic response on the time scale of seconds is still highly desirable. 
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Figure 1.2. Powder X-ray diffraction pattern of Cu2/3Au1/3CN(DMS) and (simulated) 
[Cu½Au½CN]2(DMS). Adapted from Leznoff et al.
91 
  
1.3 Scope of Thesis  
In this thesis, two types of photoluminescent materials are investigated. First, in chapters 2-4 
three organic ligands have been studied to characterize their antenna effect and emission properties 
using various lanthanide nitrates. Trivalent lanthanide ions are known to have a binding preference 
to donor atoms that contain oxygen and ligands demonstrating π-systems have shown to efficiently 
transfer energy into the lanthanide ion. This led to the selection of triphenylphosphane oxide 
(Ph3PO), bis(diphenylphosphino)ethane dioxide (DppeO2), and triphenylarsane oxide (Ph3AsO) as 
the organic ligands being studied as shown in Figure 1.3 below. Of particular interest are the 
luminescent properties of the Eu3+ and Tb3+ nitrate complexes of these ligands. These elements 
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have the largest gaps in their energy level bands which allows for the greatest energy transfer 
because they have longer decay lifetimes than other Ln3+ ions.  
Figure 1.3. Chemical structures of Ph3PO (left), DppeO2 (middle), and Ph3AsO (right). 
 
 
In the second part of the thesis, chapter 5, nanoparticles of homometallic and heterometallic 
group 11 iodides were prepared and tested for luminescence response and the rate of their reaction 
with nucleophile vapors. Nanotechnology has been an expanding field in the past few decades 
having multiple applications in various fields.107–112 Nanoparticles have demonstrated exhibit 
physical properties that differ from their respective bulk materials and this is believed to be due to 
increased surface area.108 Various mixed metal iodocuprate(I)/iodoargenate(I) nanoparticles have 
been synthesized to demonstrate their ability as chemical sensors with rapid detection of 
nucleophilic vapors on the seconds time scale. 
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CHAPTER 2 
LUMINESCENCE BEHAVIOR WITH Ph3PO AS AN ORGANIC LIGAND IN 
LANTHANIDE COMPLEXES 
2.1. Introduction  
The sharp and distinct excitation and emission spectra of the lanthanide metals (Ln) is due to 
an inter-f subshell transition which has made Ln species desirable for many applications. In recent 
years use of Ln3+ luminescence emission has been demonstrated for bio/medical,113–116 
LEDs/lasers,117–119 optical imaging,120 and other fields.121–124 While solid state Ln materials have 
been the primary focus of research, there is increasing interest in the use of metal-organic 
complexes of the Ln ions.125–128 However, bonds such as C–H, N–H, and O–H which are physically 
located near the Ln center can lessen the emission intensity through quenching and direct energy 
absorption by Ln(III) cations is very weak, thus placing a limit on emission intensity.129 A 
technique known as the “antenna effect” has been developed to help enhance and circumvent to 
the problems with emission intensity of the Ln3+ ion while avoid quenching. The antenna effect 
involves utilizing the ligands’ ability to absorb light. This usually produces a ligand triplet state 
which then transfers energy to the Ln ion. This technique has been described in recent years 
utilizing a variety of ligands for energy transfer to Ln centers.130–133  
Ligands with available π systems have demonstrated the antenna effect. One such ligand is 
diphosphane dioxide, OPPh2CH2CH2PPh2O.
134 The phosphane oxide group is attractive because 
the M–O=PR3 unit forces hydrogen atoms to be far removed from the vicinity of the Ln(III) ion to 
reduce quenching. This reasoning makes the inexpensive, commercially available 
triphenylphosphane oxide ligand, Ph3PO, a potentially ideal candidate for producing high-
efficiency Ln(III) emission via the antenna effect with limited quenching. Much research has 
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already been carried out on the Ln(III)-Ph3PO system beginning in the 1960s. In a seminal study, 
Cousins and Hart demonstrated that, depending on solvent choice, ligand-loading, and 
temperature, Ln(NO3)3 could be converted to Ln(NO3)3(Ph3PO)x(Solv)y (Solv = none, x = 3, 4; 
Solv = EtOH, x = 2, y = 1 or x = 4, y = 1; Solv = acetone, x = 3, y =2 or x = 4, y = 1).135 Later 
crystallographic studies demonstrated that a nine-coordinate Ln(III) coordination sphere 
consisting of three Ph3PO ligands and three bidentate nitrate ligands was most commonly formed. 
The resultant mer-[Ln(ƞ2-NO3)3(Ph3PO)3] complexes show exclusively O-bound ligands. A 
magnetic resonance study has demonstrated that although [Ln(NO3)3(Ph3PO)3] is usually favored 
in solution, nevertheless in the presence of excess Ph3PO coordination of four such ligands could 
be favored at the expense of partial or complete nitrate dissociation.136 This was shown to be the 
case in the solid state for the early Ln ions (La–Nd) producing [Ln(Ph3PO)4(ƞ2-NO3)2(ƞ1-NO3)], 
and for the later Ln ions (Tb–Lu), producing [Ln(Ph3PO)4(ƞ2-NO3)2]NO3.137 
As a result of research in the last three decades, many Ln(NO3)3(Ph3PO)3•solvent have now 
been structurally characterized, as listed in Tables 2.4 and 2.5 below. Solvent inclusion has been 
encountered for acetone, ethanol, CHCl3, and CH2Cl2 (Ln = Y, La, Ce, Nd, Sm, Eu, and Tb).
136,138–
141 Numerous solvent-free Ln(NO3)3(Ph3PO)3 complexes have also been structurally characterized 
for Ln = Y, La, Pr, Nd, Sm, Gd, and Eu.136,142–144 Polymorphism is clearly an important factor in 
these series of complexes, given that fact that two polymorphs each have been identified for 
Nd(NO3)3(Ph3PO)3
142 and Gd(NO3)3(Ph3PO)3.
143 In this chapter, the synthesis, new crystal 
structures, polymorphism, and luminescence demonstrating the antenna effect for these complexes 
are reported.   
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2.2. Materials and Methods 
2.2.1. Preparation of Triphenylphosphane Oxide Complexes of Lanthanide Nitrates 
Ph3PO (209 mg, 0.75 mmol) was dissolved into 25 mL of CHCl3. Ln(NO3)3·xH2O (0.25 
mmol) was added as a solid, producing a suspension. The mixture was refluxed for 12 h after. The 
resulting solution was cooled and filtered to remove traces of solid. Solution volume was reduced 
by 80% in vacuo. A white solid was precipitated with addition of ethyl ether. The solid was 
collected by filtration and washed with ethyl ether until clumping of the product was no longer 
observed. The product was vacuum dried. Product yields and elemental analysis results are listed 
in Table 2.1. 
All crystals were obtained by dissolving Ln(NO3)3(Ph3PO)n (35 mg) into 2 mL of CHCl3 
and layering the solution with ethyl ether in 5 mm i.d. tubes. The crystal habit for all species 
(except Yb) was a very thin plate. The best diffraction behavior was typically achieved when the 
plate used was less than 0.08 mm thick. 
2.2.2. X-ray Crystallography Measurements 
 Crystals were mounted on glass fibers. All measurements were made using graphite-
monochromated Mo- or microfocus Cu-Kα radiation with a Bruker-AXS DUO three-circle 
diffractometer, equipped with an Apex II CCD detector. Initial space group determination was 
based on a matrix consisting of 36 or 120 frames. The data were reduced using SAINT+,145 and 
empirical absorption correction applied using SADABS.146 Structures were solved using intrinsic 
phasing. Least-squares refinement for all structures was carried out on F2. The non-hydrogen 
atoms were refined anisotropically. Hydrogen atoms were placed in riding positions and refined 
isotropically. Structure solution, refinement, and the calculation of derived results were performed 
using the SHELXTL package of computer programs147 and ShelXle.148 Details of the X-ray 
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experiments and crystal data are summarized in Table 2.2 and Table 2.3. Selected bond lengths 
and bond angles are given in Table 2.4 and Figure 2.3. 
2.2.3. Diffuse Reflectance Measurements  
Diffuse reflectance spectra were collected on solid samples at 298 K. The light source was 
a Mikropack DH-2000 deuterium and halogen light source coupled with an Ocean Optics 
USB4000 detector. Light was collected with a fiber optic cable. Spectra were referenced and 
blanked with KCl. Data were processed using SpectraSuite 1.4.2_09. 
2.2.4. Photophysical Studies  
Steady-state luminescence scans were collected at 78 K. Spectra were taken with a Model 
QuantaMaster-1046 photoluminescence spectrophotometer from Photon Technology International 
using a 75 W xenon arc lamp combined with two excitation monochromators and one emission 
monochromator. A photomultiplier tube at 800 V was used as the emission detector. The solid 
samples were mounted on a copper plate using non-emitting copper dust high vacuum grease. All 
scans were collected under vacuum with a Janis ST-100 optical cryostat. Liquid nitrogen was used 
as a coolant for low temperature scans. Luminescence lifetime measurements were performed 
using a pulsed 350 nm LED source connected to a FG2C Function wave generator by Wavetek 
Meterman. The emission was collected at various wavelengths using a Jobin Yvon Ramanor 
system, and the lifetime was read with a LeCroy oscilloscope, collecting data every 50 ns to 2 μs 
per sweep, averaging 10000 sweeps per sample. Scans were performed at 78 K using a Janis ST-
100 optical cryostat.  
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2.3. Results and Discussion of Lanthanide Complexes 
2.3.1. Synthesis and X-ray Crystallography 
Refluxing a mixture of Ln(NO3)3•xH2O and Ph3PO in chloroform overnight produced 
colorless solutions for all Ln nitrate salts studied. White crystalline products were precipitated 
from these solutions upon addition of ethyl ether. In most cases, the products were shown to be 
mer-[Ln(NO3)3(Ph3PO)3] via elemental analysis and X-ray crystallography (see below). Synthetic 
yields and elemental analyses were generally found to be satisfactory, as shown in Table 2.1. 
However, several cases deserve particular attention. The early Ln series ions La(III) and Nd(III) 
produced partially chloroform-solvated products. The late Ln ion Yb(III) afforded a product with 
2.5 ligands per metal center. X-ray crystallography confirmed this ratio, showing a unique ionic 
product, [Yb(NO3)2(Ph3PO)4][Yb(NO3)4(Ph3PO)]•Et2O, having four Ph3PO ligands bound to the 
cation and one to the anion. 
Table 2.1. Synthesis and elemental analysis results. 
Complexa % 
Yield 
% Cb % Hb % Nb 
Lac 82.20 55.0 (55.9) 3.97 (3.91) 3.61 (3.62) 
Ndc 76.10 55.2 (55.7) 3.88 (3.89) 3.59 (3.61) 
Sm 83.70 54.6 (55.4) 3.90 (3.87) 3.59 (3.59) 
Eu 86.10 55.5 (55.3) 3.87 (3.87) 3.63 (3.58) 
Gd 52.60 55.0 (55.1) 4.00 (3.85) 3.54 (3.57) 
Tb 73.60 54.4 (55.0) 3.81 (3.84) 3.51 (3.56) 
Dy 68.60 53.5 (54.8) 3.83 (3.83) 3.68 (3.55) 
Er 83.70 52.7 (54.6) 3.80 (3.82) 3.56 (3.54) 
Ybc 83.40 51.5 (51.2) 3.79 (3.58) 3.76 (3.98) 
aAll complexes Ln(NO3)3(Ph3PhO)3, except Yb = [Yb(NO3)2(Ph3PO)4][Yb(NO3)4(Ph3PO)].  
bCalcd. values in parenthesis. 
cSolvent present in crystal structure removed before analysis via vacuum drying.   
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Crystals were readily obtained from chloroform solutions of Ln(NO3)3(Ph3PO)3 when 
layered with ethyl ether. Due to a tendency to form twinned crystals, it was found to be preferable 
to carry out crystallizations at reduced temperature. Crystal structures were solved for nine 
complexes: those of La, Nd, Sm, Eu, Gd, Tb, Dy, Er, and Yb. Tables 2.2, 2.3, and 2.4 provide the 
structure and refinement details. Table 2.5 offers structural parameters of the Ln(NO3)3(Ph3PO)3 
complexes reported herein and from the literature. Because most of the structures reported herein 
are very similar in appearance, only three representative complexes are shown in Figures 2.1–2.3, 
corresponding to the three formulations identified. A pair of isomorphic complexes of the formula 
Ln(NO3)3(Ph3PO)3•0.25 CHCl3 (Ln = La, Nd) is represented by the Nd structure in Figure 2.1. A 
series of solvent-free isomorphic complexes Ln(NO3)3(Ph3PO)3 (Ln = Sm, Gd, Eu, Tb, Dy, Er) is 
represented by the Eu structure in Figure 2.2. The unique 
[Yb(NO3)2(Ph3PO)4][Yb(NO3)4(Ph3PO)]•Et2O is shown in Figure 2.3.  
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Figure 2.1. Thermal ellipsoid diagram of mer-Nd(NO3)3(Ph3PO)3•0.25 CHCl3. Disordered phenyl 
positions, solvent molecule, and hydrogen atoms omitted. Ellipsoids shown at 50%. 
 
 
 
 
 
 
 
 
 
 
20 
 
Figure 2.2. Thermal ellipsoid diagram of mer-Eu(NO3)3(Ph3PO)3. Hydrogen atoms omitted. 
Ellipsoids shown at 50%. 
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Figure 2.3. Thermal ellipsoid diagram of [Yb(NO3)2(Ph3PO)4]-[Yb(NO3)4(Ph3PO)]•Et2O, Cation 
top, anion bottom. Disordered atom positions in anion, solvent molecule, and hydrogen atoms 
omitted. Ellipsoids shown at 50%. Selected cation bond lengths (Å) and angles (°): Yb–OPPh3: 
2.196(3), 2.202(3), 2.204(3), 2.226(3), Yb–ONO2: 2.423(3), 2.427(4), 2.434(3), 2.447(3), Ph3PO–
Yb–OPPh3 (cis): 94.79(12), 91.27(12), 91.78(12), 90.59(12), NO–Yb–ON (chelate): 52.56(14), 
52.56(10), P–O–Yb: 174.7(2), 174.8(2), 166.9(2), 165.8(2). Selected anion bond lengths (Å) and 
angles (°): Yb–OPPh3: 2.216(5), Yb–ONO2: 2.292(9), 2.308(11), 2.318(7), 2.365(6), 2.426(8), 
2.445(13), 2.470(11), 2.529(9), NO–Yb–ON (chelate): 51.4(3), 52.3(3), 55.0(4), 55.8(3), P–O–
Yb: 167.9(3). 
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Although many of the Ln(NO3)3(Ph3PO)3 complexes have already been reported, all but one 
of the structures reported herein (Ln = Gd) are either entirely new complexes, new 
solventomorphs, and/or new polymorphs of known species. Polymorphism in this system is 
considered in detail below. All of the reported Ln(NO3)3(Ph3PO)3 complexes, both here and in the 
literature, show a mer coordination geometry (considering the chelating nitrate as a single ligand). 
Moreover, considering the three meridional nitrate ligands, an “outer” nitrate lies in the meridional 
plane of the molecule, while the center and remaining outer nitrate planes are coplanar with the 
axial Ph3PO–Ln–OPPh3 vector. 
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Table 2.2. Crystal and structure refinement data for [Yb(NO3)2(Ph3PO)4] [Yb(NO3)4(Ph3PO)] 
•Et2O. 
CCDC deposit 1827688 
color and habit Colorless prism 
Size, mm 0.53 × 0.23 × 0.21 
formula C94H85N6O24P5Yb2 
formula weight 2183.60 
space group Cc 
a, Å 36.3007(13) 
b, Å 14.7766(5) 
c, Å 19.0049(7) 
β, ° 115.0990(10) 
volume, Å3 9231.7(6) 
Z 4 
calc, g cm−3 1.571 
F000
 4392 
Radiation, , Å Mo K, 0.71073 
, mm−1 2.179 
temp., K 100 
residuals:a R; Rw
 0.0233, 0.0538 
goodness of fit 0.983 
residual peak, hole 1.432, −1.273 
aR = R1 = ||Fo| − |Fc||/ |Fo| for observed data only.  Rw = wR2 = {[w(Fo2 – Fc2)2]/[w(Fo2)2]}1/2 
for all data. 
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Table 2.3. Crystal and structure refinement data for Ln(NO3)3(Ph3PO)3 (Ln = La, Nd, Gd, Er). 
 La•0.25CHCl3 Nd•0.25CHCl3 Gd Er 
CCDC deposit 1827685 1827686 1827687 1827689 
color and 
habit 
Colorless plate Colorless plate Colorless plate Colorless plate 
Size, mm 0.45 × 0.29 × 
0.11 
0.49 × 0.20 × 
0.16 
0.41 × 0.28 × 
0.03 
0.40 × 0.21 × 
0.09 
formula C54.25H45.25Cl0.75 
LaN3O12P3 
C54.25H45.25Cl0.75 
N3NdO12P3 
C54H45GdN3 
O12P3 
C54H45ErN3 
O12P3 
formula 
weight 
1189.59 1194.92 1178.09 1188.10 
space group P21/c P21/c P21/c P21/c 
a, Å 14.5901(10) 14.5313(9) 11.0567(5) 11.0123(5) 
b, Å 18.4058(13) 18.4087(11) 11.4279(5) 11.4134(6) 
c, Å 20.5989(14) 20.5848(12) 41.7946(19) 41.654(2) 
β, ° 101.7900(10) 102.8960(10) 92.5740(10) 92.5330(10) 
volume, Å3 5415.0(6) 5367.6(6) 5275.6(4) 5230.3(4) 
Z 4 4 4 4 
calc, g cm−3 1.459 1.479 1.483 1.509 
F000 2410 2422 2380 2396 
Radiation, , 
Å Mo K, 
0.71073 
Mo K, 
0.71073 
Mo K, 
0.71073 
Mo K, 
0.71073 
, mm−1 0.978 1.158 1.412 1.761 
temp., K 100 100 100 100 
residuals:b R; 
Rw 
0.0248, 0.0630 0.0315, 0.0785 0.0260, 0.0554 0.0257, 0.0560 
goodness of 
fit 
1.033 1.074 1.283 1.148 
residual peak, 
hole 
0.836, −0.442 1.231, −0.766 0.659, −1.410 0.830, −1.606 
aR = R1 = ||Fo| − |Fc||/ |Fo| for observed data only.  Rw = wR2 = {[w(Fo2 – Fc2)2]/[w(Fo2)2]}1/2 
for all data. 
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Table 2.4. Crystal and structure refinement data for Ln(NO3)3(Ph3PO)3 (Ln = Sm, Eu, Tb, Dy). 
 Sm Eu Tb Dy 
CCDC 
deposit 
1827684 1827681 1827682 1827683 
color and 
habit 
Colorless plate Colorless plate Colorless plate Colorless plate 
Size, mm 0.48 × 0.20 × 
0.06 
0.31 × 0.25 × 
0.07 
0.42 × 0.22 × 
0.06 
0.43 × 0.25 × 
0.03 
formula C54H45SmN3 
O12P3 
C54H45N3O12 
P3Eu 
C54H45N3O12 
P3Tb 
C54H45DyN3 
O12P3 
formula 
weight 
1171.19 1172.80 1179.76 1183.34 
space 
group 
P21/c P21/c P21/c P21/c 
a, Å 11.0700(9) 11.0541(2) 11.0381(5) 11.0324(7) 
b, Å 11.4421(10) 11.4257(2) 11.4183(4) 11.4128(8) 
c, Å 41.891(4) 41.8013(8) 41.7152(15) 41.891(4) 
β, ° 92.5910(10) 92.5360(10) 92.503(2) 92.5300(10) 
volume, Å3 5300.7(8) 5274.37(17) 5252.6(4) 5242.5(6) 
Z 4 4 4 4 
calc, g 
cm−3 
1.468 1.477 1.492 1.499 
F000 2372 2376 2384 2388 
Radiation, 
, Å 
Mo K, 
0.71073 
Cu K, 
1.54178 
Cu K, 
1.54178 
Mo K, 
0.71073 
, mm−1 1.262 9.911 8.026 1.582 
temp., K 100 100 100 100 
residuals:b 
R; Rw 
0.0252, 0.0553 0.0373, 0.0944 0.0371, 0.0988 0.0239, 0.0511 
goodness 
of fit 
1.291 1.041 1.020 1.084 
residual 
peak, hole 
0.553, −1.135 0.708, −1.110 0.649, −1.054 0.524, −1.163 
aR = R1 = ||Fo| − |Fc||/ |Fo| for observed data only.  Rw = wR2 = {[w(Fo2 – 
Fc
2)2]/[w(Fo2)2]}1/2 for all data. 
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When Yb(NO3)3 was reacted with Ph3PO, the unique species trans-
[Yb(NO3)2(Ph3PO)4][Yb(NO3)4(Ph3PO)]•Et2O was formed. Unlike the other products of Ln(NO3)3 
and 3 Ph3PO formed in chloroform, the average number of phosphane ligands per Yb was found 
to be only 2.5. Also unique to this product was the fact that both ions were complexes of Yb(III). 
Both Yb centers can be regarded as less crowded than the nine-coordinate metal centers in 
Ln(NO3)3(Ph3PO)3. The trans-[Yb(NO3)2(Ph3PO)4]
+ cation has a lower coordination number of 
eight, and the nine-coordinate [Yb(NO3)4(Ph3PO)]
– anion contains four nitrates, each of which has 
a small chelate bite angle of 50–55°. This small angle has previously been shown to enable a 
variety of 10- and 12-coordinate [Ln(NO3)5]
2– and [Ln(NO3)6]
3– anions.149–156 While the Yb cation 
was fully ordered, the anion showed significant positional disorder for all four nitrate ions and two 
of the three phenyl groups. The trans-[Ln(NO3)2(Ph3PO)4]
+ cation arrangement (treating the nitrate 
ions as single ligands) is known, having been reported for Ln = Dy and Lu.137,143 The anion, on the 
other hand, represents a new Ln coordination environment. The coordination geometry is best 
described as that of a trigonal bipyramid (tbp, again regarding the nitrate ions as single ligands and 
using the N atom to determine inter-ligand angles). Under this scenario the Ph3PO ligand assumes 
an axial position, with Ph3PO–Yb–Neq angles of 78.01, 83.85, and 104.02° (true tbp angle = 90°). 
The nitrate ligands show Nax–Yb–Neq angles of 83.81, 95.68, and 100.38° (true tbp angle = 90°) 
and Neq–Yb–Neq angles of 104.79, 120.96, and 133.53° (true tbp angle = 120°). The Ph3PO–Yb–
Nax angle is 158.13° (true tbp angle = 180°). 
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Table 2.5. Bond length (Å) and angle (°) comparison for Ln(NO3)3(Ph3PO)3 structures.  
Ln Ln–OPPh3 Ln–ONO2 Ph3PO–Ln–
OPPh3a 
…N(O)O–Ln–
O…b 
Ln–O–PPh3 Reference 
Y 
2.239, 2.252, 2.288 2.428–2.497 83.00, 86.10 51.09, 51.75, 
51.78 
160.0, 163.8, 173.8 136 
2.269, 2.283, 2.284c 2.440–2.506 83.42, 86.25 51.54, 51.74, 
52.06 
156.8, 162.7, 173.7 136 
La 2.406, 2.421, 2.428d 2.569–2.632 85.20, 87.84 48.71, 49.06, 
49.20 
170.3, 171.5, 171.9 this work 
Ce 2.391, 2.406, 2.421e 2.584–2.639 82.65, 91.47 47.59, 48.69, 
49.70 
171.2, 171.4, 171.5 144 
Pr 2.358–2.409f 2.515–2.620 82.16–88.87 48.39–49.37 159.1–179.0 143 
Nd 
2.344, 2.379, 2.383 2.518–2.577 85.76, 87.33 49.22, 49.81, 
50.12 
171.3, 173.1, 173.6 143 
2.355, 2.421, 2.428d 2.511–2.572 85.22, 87.46 49.85, 50.17, 
50.35 
170.1, 171.9, 173.0 this work 
Sm 
2.303, 2.322, 2.329 2.487–2.557 82.87, 86.09 50.45, 50.77, 
50.94 
155.9, 161.5, 172.1 this work 
2.324, 2.346, 2.351 2.494–2.557 86.07, 86.84 49.71, 50.11, 
50.49 
171.3, 173.6, 174.1 143 
Eu 
2.292, 2.312, 2.315 2.473–2.537 82.83, 86.03 50.71, 50.99, 
51.20 
156.1, 162.0, 172.5 this work 
2.308–2.368f 2.458–2.582 83.19–88.03 49.60–50.98 160.2–179.8 143 
2.261, 2.350, 2.375e 2.393–2.580 90.64, 90.72 50.09, 50.17, 
52.01 
143.7, 162.9, 170.8 140 
Gd 
2.283, 2.300, 2.308 2.461–2.529 82.94, 85.81 50.99, 51.21, 
51.23 
155.9, 161.6, 172.8 this work 
2.287–2.356f 2.452–2.581 81.88–87.93 49.64–51.04 159.9–179.2 143 
Tb 
2.266, 2.289, 2.290 2.448–2.520 83.09, 85.72 51.15, 51.49, 
51.54 
155.9, 161.5, 172.9 this work 
2.295, 2.308, 2.309e 2.459–2.539 84.27, 85.51 51.21, 51.26, 
51.42 
154.6, 159.6, 173.8 141 
Dy 2.249, 2.275, 2.275 2.434–2.512 83.08, 85.79 51.41, 51.65, 
51.73 
156.1, 161.9, 173.1 this work 
Er 2.237, 2.254, 2.263 2.406–2.489 83.16, 85.65 51.92, 52.09, 
52.32 
155.8, 161.7, 173.5 this work 
acis angles. bNitrate chelate bite angle. cCH2Cl2 solvate. 
d0.25 CHCl3 solvate. 
eAcetone solvate. 
fTwo independent molecules present. 
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Average bond lengths and angles were compared across the Ln series for the 
Ln(NO3)3(Ph3PO)3 structures reported herein. When plotted vs. f electron count, bond distances 
for Ln–OPPh3 and Ln–ONO2 decrease as a direct result of lanthanide size contraction (see Figures 
2.4 and 2.5). In Figure 2.6 the nitrate-Ln chelate angle is seen to increase across the 4f series. This 
opening up of the chelate angle is presumably the result of the shorter Ln–O bonds and perhaps 
greater interaction between Ln and N. The cis Ph3PO–Ln–OPPh3 and Ph3P–O–Ln angles remain 
very consistent within the two isomorphic series, but are quite different between the two. The cis 
Ph3PO–Ln–OPPh3 angles are closer to the expected 90° value for the larger metal ion and solvent-
containing La and Nd structures than for the solvent-free complexes. Similarly, the Ph3P–O–Ln 
angles are larger (ca. 171°) for the La and Nd structures than for the solvent-free structures (ca. 
163°). 
Figure 2.4. Ln–OPPh3 Bond length plotted as a function of f electron count. 
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Figure 2.5. Ln–ONO2 Bond length plotted as a function of f electron count 
 
 
 
 
 
 
 
 
Figure 2.6. NO–Ln–ON Chelate angle plotted as a function of f electron count. 
 
 
 
 
 
 
 
 
The newly reported crystal structures shed further light on the occurrence of polymorphism 
in the Ln(NO3)3(Ph3PO)3 series. The identifiable polymorphic groups for this series, both those 
with and without solvent present, are distinguished in Table 2.6. The current solvent-free 
structures fill out a series of monoclinic isomorphs (polymorph series A, P21/c, a = 11.1 Å, b = 
11.4 Å, c = 41.7 Å, β = 92.5°) that was previously recognized only for Ln = Y and Gd.136,143 In 
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addition to re-determining the Gd structure, we have added to series A the Ln = Sm, Eu, Tb, Dy, 
and Er isomorphs. Thus, polymorph A appears to be accessible across most, if not the entirety, of 
the Ln series. Nevertheless, the failure of La and Nd to produce A in this study suggests that the 
largest Ln ions may disfavor this particular polymorphic form. The isomorphic series, B, is also 
monoclinic (P21/c, a = 14.6 Å, b = 18.4 Å, c = 20.6 Å, β = 102°). Prior to this work, two examples 
of B had been reported, Ln(NO3)3(Ph3PO)3, Ln = Nd and Sm.
142,143 Neither of these complexes 
were reported as solvates, having been crystallized from ethanol. In contrast, the two early 
lanthanide examples of polymorph B reported herein, Ln(NO3)3(Ph3PO)3•0.25 CHCl3 (Ln = La, 
Nd), are both solvates. Thus, polymorph B appears to be able to admit a small amount of solvent 
without disruption of its structure. Polymorph C (orthorhombic Pbca, a = 25.4 Å, b = 24.0 Å, c = 
35.0 Å) has only recently been reported, being noted for Pr, Eu, and Gd.143 It features two 
independent molecules in the crystallographic repeat unit. Polymorph D (monoclinic P21/n, a = 
11.1 Å, b = 19.3 Å, c = 27.3 Å, β = 94.6°) has thus far been found for acetone and dichloromethane 
solvates.136,140,141,157 Two other Ln(NO3)3(Ph3PO)3 solvate complexes (E and F) have unit cells 
that match none of these polymorphs, but might in fact match one another.25,46,47 Thus, there appear 
to be roughly five polymorphic crystal groups that can be formed for Ln(NO3)3(Ph3PO)3, two that 
favor solvent-free complexes (A and C), two that favor solvates (D and E/F), and one that seems 
to allow for both (B). 
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Table 2.6. Ln(NO3)3(Ph3PO)3(•Solvent) polymorphs.  
Poly-
morph 
Space 
Group 
Cell 
Param.a 
Complexes, 
L = Ph3PO 
Refs. 
A P21/c 11.1, 11.4, 
41.7, 92.5 
Ln(NO3)3L3 (Ln = Y, Sm, Eu, Gd, Tb, 
Dy, Er) 
this work, 
136,143 
B P21/c 14.6, 18.4, 
20.6, 102 
Ln(NO3)3L3 (Ln = Nd, Sm); 
Ln(NO3)3L3•0.25 CHCl3 (Ln = La, Nd) 
this work, 
142,143 
C Pbca 25.4, 24.0, 
35.0, (90) 
Ln(NO3)3L3, Ln = Pr, Eu, Gd 143 
D P21/n 11.1, 19.4, 
27.9, 94.6 
Y(NO3)3L3•x CH2Cl2; Ln(NO3)3L3•2 
acetone (Ln = Sm, Eu); 
Tb(NO3)3L3•1.5 acetone; 
Nd(NO3)3L3•acetone 
136,140,141,157 
E P21/n 13.1, 25.1, 
18.7, 98.5 
La(NO3)3L3•EtOH/CHCl3 158 
F P21/n 12.4, 25.5, 
20.4, 96.3 
Ce(NO3)3L3•acetone 144 
aCell parameters: a (Å), b (Å), c (Å), β (°), all values ±3. 
 
2.3.2. Diffuse Reflectance Spectroscopy 
All samples were vacuum-dried to remove traces of solvent prior to making spectroscopic 
measurements. The room temperature solid-state absorption spectra of the various mer-
Ln(NO3)3(Ph3PO)3 and trans-[Yb(NO3)2(Ph3PO)4][Yb(NO3)4(Ph3PO)] complexes prepared in this 
study, as well as that of free Ph3PO, are shown in Figure 2.7. An unresolved band due to the 
phosphane oxide ligand is seen at 255 nm for all Ln complexes. The band is red-shifted 20 nm 
from that of free Ph3PO. This is due to the formation of coordinate bonds between Ph3PO and Ln
3+ 
ions. We assign this band as a π→π* transition.159 At wavelengths less than 300 nm a strong n→π* 
transition is observed for all complexes. This band is also observed for pure Ph3PO. These bands 
are in agreement with the transmittance for all Ln(NO3)3(Ph3PO)3 complexes in Figure 2.8 and 
show that absorption occurs at the phenyl groups. This assignment is further supported by the lack 
of lanthanide ion absorption features for most of the Ln(NO3)3(Ph3PO)3 complexes. In 
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Ln(NO3)3(Ph3PO)3 (Ln = Tb or Eu) complexes, several absorption bands are observed as well as 
some f–f emission bands, which indicate strong emission from these systems. 
Figure 2.7. Transmittance spectra of Ln(NO3)3(Ph3PO)3, [Yb(NO3)2(Ph3PO)4] 
[Yb(NO3)4(Ph3PO)], and free Ph3PO ligand at room temperature. 
 
2.3.3. Luminescence Measurements 
Luminescence measurements on a series of dried Ln(NO3)3(Ph3PO)3 complexes, 
[Yb(NO3)2(Ph3PO)4][Yb(NO3)4(Ph3PO)], and on crystalline Ph3PO at 78 K were performed. Room 
temperature data are not reported since the ligand excitation does not become apparent until the 
samples are cooled to sub-ambient temperatures. The results are shown in Figure 2.8. Pure Ph3PO 
displayed an excitation band at 290 nm with emission bands at 330 and 400 nm. 
Triphenylphosphane oxide has been previously reported to show an n→π* transition.160  
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Figure 2.8: Luminescence spectra of Ph3PO, Ln(NO3)3(Ph3PO)3, and [Yb(NO3)2(Ph3PO)4] 
[Yb(NO3)4(Ph3PO)] at 78 K. 
 
The spectra for the complexes of La, Y, Nd, Gd, and Yb shows a broad excitation band 
with a maximum at 331 nm and a similarly broad emission band from 342 nm to 550 nm. The 
absence of sharp peaks attributable to the Ln3+ ion in the excitation spectra indicated that the 
luminescence in these complexes was strictly the result of ligand excitation. Due to the absence of 
f electrons in the YIII and LaIII complexes, in these cases the emission must necessarily be a result 
of an n→π* transition associated with the ligand’s phenyls since the first excited states of these 
complexes are too high in energy to accept the energy from the triplet excited state of the ligand. 
The spectra and associated energy values (see Table 2.7) for the Nd, Gd, and Yb complexes were 
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nearly identical to those of Y and La, suggesting the same n→π* transition in these complexes. 
The emission energy associated with this transition easily overlaps the f–f absorption band for all 
the Ln complexes. 
Table 2.7. Luminescence excitation, emission, and Stokes shift in cm–1 for Ph3PO, 
Ln(NO3)3(Ph3PO)3 and [Yb(NO3)2(Ph3PO)4][Yb(NO3)4(Ph3PO)]. 
Species, L = Ph3PO Excitation, cm–1 Emission, cm–1 Stokes Shift, cm–1 
L 34,800 30,300, 25,000 4,500 
Y(NO3)3L3 33,400, 29,400 24,400 5,000 
La(NO3)3L3
 34,500, 29,400 25,000 4,400 
Nd(NO3)3L3
 29,400 25,000 4,400 
Gd(NO3)3L3 29,400 25,000 4,400 
[Yb(NO3)2L4]
+ 
[Yb(NO3)4L]
– 
29,400 26,700 2,700 
 
For the other Ln(NO3)3(Ph3PO)3 complexes in Figure 2.8 (Ln = Sm, Eu, Dy, and Tb), two 
distinct regions of excitation are observed. In one region, UV excitation bands associated with 
direct excitation of the central metal ion are seen. These bands are distinguished by the sharp and 
narrow features associated with forbidden f–f transitions (Table 2.8). Upon excitation of the most 
intense emissive state for each lanthanide, strong emission is observed for the Ln3+ ion. At higher 
energies for these Ln(NO3)3(Ph3PO)3 complexes (Ln = Sm, Eu, Dy, and Tb), between 230 nm and 
300 nm, a single broad excitation band is observed. Due to the relative breadth and high energy of 
this band, it is concluded that it represents an n→π* excitation band associated with ligand phenyl 
groups. Because two excitation regions are present, it should be possible to induce lanthanide 
emission through direct metal ion excitation or via a ligand-to-metal charge transfer (LMCT), 
which could result in greater emission intensity. 
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Table 2.8. Luminescence emission wavelengths in nm and their assignments of Ln(NO3)3(Ph3PO)3 
complexes. 
Ln Ground 
State 
Intermediate 
State 
Final State Emission λ, nm 
Tb 7F6 
5D4 
7FJ (J = 6 – 2) 486, 541, 583, 619, 644 
Dy 6H15/2 
4F9/2 
6HJ (J = 15/2 – 11/2) 480, 572, 660 
Eu 7F0 
5D0 
7FJ (J = 0 – 4) 577, 590, 615, 655, 688 
Sm 6H5/2 
4G5/2 
6HJ (5/2 – 11/2) 560, 595, 640, 703 
 
 This LMCT results from the phenomena known as the antenna effect, whereby energy is 
transferred from the triplet state of the ligand to the excited state of the lanthanide. Interestingly, 
the Tb complex was the only complex amongst those studied herein to show greater emission 
intensity when excitation energy associated with the LMCT was used rather than direct lanthanide 
metal ion excitation. This indicates that Ph3PO can be a good energy match for Tb
3+. In order for 
the ligand antenna effect to take place, there must be an energy match between the triplet state of 
the ligand and the emitting state of the lanthanide ion.161–163 In the current promoting it to the 
excited singlet state. This excitation would be followed by intersystem crossing into its triplet state, 
then energy transfer from the Ph3PO triplet state to the excited state of the Ln
3+ ion, and finally 
internal conversion from the excited state to the ground state for the Ln3+ ion, as shown in Scheme 
2.1. As seen in Figure 2.8, Ln3+ luminescence via the antenna effect is enhanced over that of direct 
metal excitation only for the Tb3+ ion. For the Tb3+ ion at 541 nm doubling of the emission intensity 
when excitation takes place via ligand excitation compared to direct lanthanide ion excitation is 
noted and to further support increased in emission intensity, lifetime measurements and quantum 
yields were investigated. Tb(NO3)3(Ph3PO)3 lifetime measurements were observed at 298 K and 
78 K observing emission at 541 nm while monitoring LMCT and f-f transitions. LMCT 
demonstrates an increase in lifetime when cooled from 298 K (0.641 ms) to 78 K (1.49 ms) while 
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f-f transition demonstrates a decrease in lifetime when cooled from 298 K (1.63 ms) to 78 K (1.42 
ms). The LMCT demonstrates an increase by a factor of 2.32 while the LMCT (16.1%) 
demonstrates an increase by a factor of 17.5 over the f-f transition (0.92%) while observing the 
quantum yields. This is important due to longer lifetimes and higher quantum yields are beneficial 
in the emission amplification process. 
To understand why the antenna effect works for Tb3+ ion and not the other Ln3+ ions we 
must first look at the emission of the Gd3+ complex.132,164,165 Accessible states for energy transfer 
from the ligand cannot be harnessed by this ion, therefore only ligand emission related to its triplet 
state is observed.132 The Ph3PO triplet state can be estimated to have an energy value of at least 
25,000 cm–1. According to Latva’s empirical rule,132,166 in order for an effective ligand-to-
lanthanide transfer to take place, the optimal energy difference between the triplet state of the 
ligand and the resonant energy level of the Ln3+ ion must be in the range of 2,500–4,500 cm–1.132 
If the energy value is either smaller or larger than this range, it could result in a decrease of 
luminescence intensities. The resonant energy levels for Sm3+, Eu3+, Dy3+, and Tb3+ ions are, as 
previously noted, 24,691 cm–1, 25,189 cm–1, 27,248 cm–1, and 28,011 cm–1. Thus, the optimal 
energy gaps between the Ph3PO lowest triplet state and the resonant energy level for Sm
3+, Eu3+, 
Dy3+, and Tb3+ ions are 309 cm–1, 189 cm–1, 2,248 cm–1, and 3,011 cm–1. These values allow for 
an effective energy transfer from the ligand triplet state to the metal only for Tb3+ because only 
this ion possesses the optimal energy gap. Even though the Dy complex is relatively close to 
Latva’s range, there is potential back energy transfer occurring, which results in a loss of emission 
intensity for the Dy3+ ion emission states. An energy state diagram illustrating use of the antenna 
effect in the energy transfer process for Tb3+ is shown in Scheme 2.1. 
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Scheme 2.1. Energy level diagram describing the energy transfer process involved in the 
luminescence of Tb(NO3)3(Ph3PO)3. 
 
2.4. Conclusions  
The preparation of mer- Ln(NO3)3(Ph3PO)3 from Ln(NO3)3·xH2O and Ph3PO in 
chloroform (Ln = La, Nd, Sm, Eu, Gd, Tb, Dy, and Er) has been documented. All of the X-ray 
structures (except that of Gd) represent new polymorphic forms, falling into two categories: 0.25 
CHCl3 solvates (Ln = La and Nd) and solvent-free species (Ln = Sm, Eu, Gd, Tb, Dy, and Er). 
Through comparison with literature reports, at least four polymorphs of mer-Ln(NO3)3(Ph3PO)3 
can be identified, each now having multiple isomorphic examples involving various Ln3+ ions. All 
the nitrate ions in all complexes described herein were found to be η2-chelating, yielding a LnO9 
coordination sphere. When plotted against f electron count, Ln–O bond lengths decreased steadily, 
in accordance with the lanthanide contraction. The nitrate chelate angle increased with increasing 
f electron count. Ytterbium(III) nitrate produced a unique salt when reacted with Ph3PO: trans- 
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[Yb(NO3)2(Ph3PO)4][Yb(NO3)4(Ph3PO)]·Et2O which contained Yb in both the cation and the 
anion. Nitrate ions were again chelating. Formation of this complex with an overall Ln:Ph3PO ratio 
of 1:2.5 reflects the relatively small ionic radius of Yb3+.  
The luminescence properties for mer-Ln(NO3)3(Ph3PO)3, trans-
[Yb(NO3)2(Ph3PO)4][Yb(NO3)4(Ph3PO)], and crystalline Ph3PO were investigated at 78 K. The 
emission peaks for Ln(NO3)3(Ph3PO)3 (Ln = Y, La, Nd, and Gd) and 
[Yb(NO3)2(Ph3PO)4][Yb(NO3)4(Ph3PO)] may be attributed to a n→π* transition due to the Ph3PO 
ligand. The emission spectrum of Ln(NO3)3(Ph3PO)3 (Ln = Sm, Eu, Dy, and Tb) all showed 
characteristic Ln3+ ion emission bands. As is shown in Figure 2.8, each Ln(NO3)3(Ph3PO)3 (Ln = 
Sm, Eu, Dy, and Tb) exhibited the antenna effect via LMCT, but only the Tb complex showed 
enhanced luminescence through excitation at Ph3PO. The Tb complex demonstrated increase in 
emission intensity, lifetimes, and quantum yield at 78 K via LMCT over f-f transition.   
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CHAPTER 3 
LUMINESCENCE BEHAVIOR WITH DppeO2 AS AN ORGANIC LIGAND IN 
LANTHANIDE COMPLEXES 
3.1. Introduction  
 Due to sharp emission bands and high color quality, lanthanide complexes are candidates 
in the field of electronics and photonics.30,129,167–169 The use of lanthanides in metal organic 
coordination polymers is of great interest due to their unique chemical and physical properties and 
their ability to be applied as optoelectronic, magnetic and gas storage materials, etc.170–173 The 
proper combination of lanthanide metal ion and the bridging ligand has shown to be crucial in the 
construction of the metal-organic coordination polymers. Phosphine oxides have become well 
established in coordination chemistry and have been studied extensively with transition metals,174–
178  actinides,179 and lanthanides.180–183 Bis(diphenylphosphino)ethane and its oxidized derivatives 
have appeared throughout the coordination chemistry of main and transition group metals.184–187 
There are only a few examples of coordination polymers that make use of the 
bis(diphenylphosphino)ethane dioxide (DppeO2) ligand.
188–191 A series of two-dimensional 
lanthanide coordination polymers of the DppeO2 ligand, LnX3(DppeO2)1.5 (Ln = Pr, Nd, Sm, Gd, 
Dy; X = NO3
–, Cl–), have already been synthesized by solvothermal, liquid diffusion and gel 
diffusion.192,193 In this chapter, the synthesis utilizing a greener chemistry approach and 
luminescence through the antenna effect for {Ln(NO3)3(DppeO2)1.5}n complexes (Ln = Eu, Sm, 
Tb, or Dy) are reported. 
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3.2. Materials and Methods 
3.2.1. Preparation of Bis(diphenylphosphino)ethane dioxide Complexes of Lanthanide 
Nitrates 
100 mg Ln(NO3)3•xH2O (~0.25 mmol) was dissolved in as little MeOH as possible (3-5 
mL). ~0.375 mmol DppeO2 was dissolved in as little MeOH as possible (~10 mL). The Ln(NO3)3 
MeOH solution was added dropwise to the stirring DppeO2 solution.  
A white luminescent solid precipitated almost immediately, and the suspension was left 
stirring at room temperature overnight. Collected with vacuum filtration and washed with diethyl 
ether before vacuum drying overnight.  
Crystals were attempted with cold liquid-liquid diffusion of Ln(NO3)3 MeOH and DppeO2 
MeOH layers. Crystal were not obtained due to having a hard time finding solvents that the 
complex was soluble in. 
3.2.2. Diffuse Reflectance Measurements  
Diffuse reflectance spectra were collected on solid samples at 298 K. The light source was 
a Mikropack DH-2000 deuterium and halogen light source coupled with an Ocean Optics 
USB4000 detector. Collected light was collected with a fiber optic cable. Spectra were referenced 
and blanked with KCl. Data were processed using SpectraSuite 1.4.2_09. 
3.2.3. Photophysical Studies  
Steady-state luminescence scans were collected at 78 K. Spectra were taken with a Model 
QuantaMaster-1046 photoluminescence spectrophotometer from Photon Technology International 
using a 75 W xenon arc lamp combined with two excitation monochromators and one emission 
monochromator. A photomultiplier tube at 800 V was used as the emission detector. The solid 
samples were mounted on a copper plate using non-emitting copper dust high vacuum grease. All 
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scans were collected under vacuum with a Janis ST-100 optical cryostat. Liquid nitrogen was used 
as a coolant for low temperature scans. 
3.3. Results and Discussion of Lanthanide Complexes 
3.3.1. Synthesis  
DppeO2 complexes of Ln(NO3)3 complexes were readily formed as solids when methanolic 
solutions of Ln(NO3)3 and DppeO2 were combined. Crystalline products were not obtained from 
these solutions upon the addition of ethyl ether. Even though crystals were not acquired, previous 
findings of Ln(NO3)3(DppeO2)1.5 have been reported to form polymers and in a few cases as 
dimers.134,193 These polymeric structures arise from a displacement of inner-sphere water present 
in lanthanide nitrated by neutral DppeO2 ligands while in the case of the dimerized structures, two 
additional DppeO2 ligands somewhat displace the NO3 groups from the Ln center.
193 Polymeric 
structures are more commonly known than dimeric crystal structures. These polymeric structures 
are known to form two polymeric patterns which are dependent upon certain conditions upon 
crystallization. These patterns are considered to be (1) brick wall and (2) parquet floor in which 
the size of the Ln atom can hinder which structure is formed.193 The lighter Ln atoms (Ce-Gd) are 
known to form the parquet floor while the heavier Ln atoms (Tb- Lu) are known to form the brick 
wall pattern as demonstrated in Figure 3.1. 
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Figure 3.1. The coordinating polyhedral of the Ln(NO3)3(DppeO2)1.5 as a brick wall (left) and a 
parquet floor (right). Taken from reference 193. 
 
 
 
3.3.2. Diffuse Reflectance Spectroscopy 
All samples were vacuum-dried to remove traces of solvent prior to making spectroscopic 
measurements. The room temperature solid-state absorption spectra of the various 
{Ln(NO3)3(DppeO2)1.5}n complexes prepared in this study, as well as that of free DppeO2, are 
shown in Figure 3.2 below. At wavelengths less than 300 nm a shoulder is observed that is 
characteristic of an n→π* transition, like that of Ph3PO, is observed for all complexes. These bands 
are in agreement with the transmittance for all {Ln(NO3)3(DppeO2)1.5}n complexes in Figure 3.3 
and show that absorption occurs at the phenyl groups similar to the Ln(NO3)3(Ph3PO)3 complexes. 
This assignment is further supported by the lack of lanthanide ion absorption featured for the 
{Ln(NO3)3(DppeO2)1.5}n complexes (Ln = Sm or Dy). In {Ln(NO3)3(DppeO2)1.5}n (Ln = Tb or Eu) 
complexes, several absorption bands are observed as well as some f–f emission bands, which 
indicate strong emission from these systems. 
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Figure 3.2. Transmittance spectra of  Ln(NO3)3(DppeO2)1.5 and free DppeO2 ligand at room 
temperature. 
 
3.3.3 Luminescence Measurements 
Luminescence measurements on a series of dried {Ln(NO3)3(DppeO2)1.5}n complexes, and 
on crystalline DppeO2 at 78 K were performed. Room temperature data are not reported since the 
ligand excitation does not become apparent until the samples are cooled to sub-ambient 
temperatures. The results are shown in Figure 3.3. Pure DppeO2 displayed a maximum excitation 
band at 280 nm with a broad emission band at 425 nm. DppeO2 has been previously reported to 
show an intraligand (π→π*)  fluorescent emission.194,195   
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Figure 3.3: Luminescence spectra of Ln(NO3)3(DppeO2)1.5 (Ln= Tb, Eu, Sm, and Dy) and the free 
ligand DppeO2 at 78 K. 
 
For the {Ln(NO3)3(DppeO2)1.5}n complexes in Figure 3.3 (Ln = Sm, Eu, Dy, and Tb), two 
distinct regions of excitation are observed. In one region, UV excitation bands associated with 
direct excitation of the central metal ion are observed. These bands are distinguished by the sharp 
and narrow features associated with forbidden f–f transitions (Table 2.7 in previous chapter). 
Upon excitation of the most intense emissive state for each lanthanide, strong emission is observed 
for the Ln3+ ion. At higher energies for these {Ln(NO3)3(DppeO2)1.5}n complexes (Ln = Sm, Eu, 
Dy, and Tb), between 260 nm and 300 nm, a single broad excitation band is observed. Due to the 
relative breadth and high energy of this band, it is concluded that it represented an n→π* excitation 
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band associated with ligand phenyl groups. Because two excitation regions are present, it should 
be possible to induce lanthanide emission through direct metal ion excitation or via a ligand-to-
metal charge transfer (LMCT) through the antenna effect, which could result in greater emission 
intensity. 
Interestingly, the Tb and Eu complex are the only complexes amongst those studied herein 
to show greater emission intensity when excitation energy associated with the LMCT was used 
rather than direct lanthanide metal ion excitation as seen in Figure 3.3. The emission bands for 
both Eu3+ and Tb3+ are very narrow and the width of half band is < 10 nm which indicates the 
complexes have high color purity  and that DppeO2 can be a good energy match for Eu
3+ and 
Tb3+.196 The emission spectra for Eu3+ is dominated by two distinct emission signals at 615 and 
590 nm, corresponding to 5D0→7F2 and 5D0→7F1 transitions, respectively. While the intensity of 
the 5D0→7F1 band is relatively independent of the europium surroundings, the 5D0→7F2 transition 
is known to be very sensitive to the ligand field experienced by the Eu3+ center. The ratio intensity 
of the emission transitions (I615/I590) can give insight into the symmetry of the Eu
III polyhedra.197–
202 {Eu(NO3)3(DppeO2)1.5}n demonstrates a ratio of 2.00 which suggests that the coordination of 
the Eu3+ ion in this structure is not as symmetrical since the ratio is not < 1.43 When comparing the 
5D0→7F2 transition between DppeO2 and Ph3PO, a more distinct splitting is observed. The splitting 
of this hypersensitive transition has been previously reported and is not unusual.199,201,203  Further 
observation of the emission intensity ratio (I541/I487) suggested that {Tb(NO3)3(DppeO2)1.5}n is 
even less symmetrical than that of {Eu(NO3)3(DppeO2)1.5}n due to its ratio being that of 4.36. The 
symmetry of these complexes seems to play a role in emission intensity upon excitation. The Tb3+ 
ion at 541 nm emission intensity is almost seven-fold more intense via ligand excitation compared 
to direct lanthanide ion excitation while the Eu3+ ion is only increased by a factor of 2.22. This 
46 
 
suggests that the less symmetrical the complex is, the more energy transfer may be allowed into 
the Ln3+ ion. To further support this, lifetime measurements and quantum yields were investigated 
for both complexes.  
Table 3.1. Summary of lifetime and quantum yield measurements at 78 K. 
 Excitation QY/Lifetime Emission 
  𝜆Ex = 280 nm 𝜆Ex = 350 nm Monitored 
Eu-DppeO2 𝜆max = 280 nm 7.4 
2.06 ms 
24.0 
0.886 ms 
𝜆max = 615 nm 
Tb-DppeO2 𝜆max = 280 nm 24.5 
1.91 ms 
7.2 
2.54 ms 
𝜆max = 541 nm 
 
{Eu(NO3)3(DppeO2)1.5}n and {Tb(NO3)3(DppeO2)1.5}n lifetime measurements were 
observed at 298 K and 78 K monitoring LMCT and f-f transitions at their maximum emissions 
respectively as shown in Table 3.1. {Eu(NO3)3(DppeO2)1.5}n demonstrated an increased lifetime 
from 1.65 ms to 2.39 ms when the LMCT was monitored from 298 K to 78 K while 
{Tb(NO3)3(DppeO2)1.5}n demonstrated an increase as well from 1.56 ms to 1.91 ms. When the f-f 
transitions was monitored, {Eu(NO3)3(DppeO2)1.5}n demonstrated a decreased lifetime from 1.79 
ms to 1.19 ms when cooled to 78 K. This is also demonstrated in {Tb(NO3)3(DppeO2)1.5}n with a 
decrease from 3.12 ms to 2.54 ms. Upon cooling, more energy is being transferred through LMCT 
than f-f transitions which resulted in longer lifetimes than at room temperature which suggested 
the bond length between Ln3+ ion and the DppeO2 ligand is being shorten. Nevertheless, these 
values should be acknowledged for their higher values than that of ‘naked’ Eu3+ and Tb3+ ions in 
acetonitrile solutions which only demonstrated lifetimes on the scale of 0.78-1.22 ms.204 
Unfortunately, there seems to be a trend when considering the quantum yields for both LMCT and 
f-f transitions in which the longer the lifetime the less the quantum yield. A less efficient quantum 
yield is observed for {Eu(NO3)3(DppeO2)1.5}n when excitation takes place for LMCT (7.4%) as 
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opposed to the f-f transitions (24.0%). This seems to be the opposite for {Tb(NO3)3(DppeO2)1.5}n, 
a more efficient quantum yield is observed when excitation take place for LMCT (24.5%) as 
opposed to the f-f transitions (7.2%). This suggested that a longer lifetime may result in a smaller 
quantum yield.  
The antenna effect worked for Tb3+ ion and Eu3+ ions but not for the other Ln3+ ions which 
is believed to be due to Latva’s empirical rule like that for the Tb3+ ion when paired with Ph3PO. 
The DppeO2 triplet state can be estimated to have an energy value of at least 26,110 cm
–1 because 
the presence of the broad band in {Sm(NO3)3(DppeO2)1.5}n is due to low efficiency of energy 
transfer into Sm3+ ion which resulted in back transfer as shown in Figure 3.3.205 According to 
Latva’s empirical rule,132,166 in order for an effective ligand-to-lanthanide transfer to take place, 
the optimal energy difference between the triplet state of the ligand and the resonant energy level 
of the Ln3+ ion must be in the range of 2,500–4,500 cm–1.132 The resonant energy levels for Sm3+, 
Eu3+, Dy3+, and Tb3+ ions are 24,691 cm–1, 25,252 cm–1, 27,322 cm–1, and 27,933 cm–1. Thus, the 
optimal energy gaps between the DppeO2 lowest triplet state and the resonant energy level for 
Sm3+, Eu3+, Dy3+, and Tb3+ ions are 1,419 cm–1, 858 cm–1, 1,212 cm–1, and 1,823 cm–1. When 
observing these optimal energy gaps, no Ln3+ ion falls into the range according to Latva’s empirical 
rule. There is only one other explanation as to why energy transfer is observed for both Tb3+ and 
Eu3+ ions. Kleinerman et al. who has studied over 600 lanthanide complexes has stated that the 
excited singlet states of the ligand can contribute to the energy transfer and can be privileged donor 
states.206 Hence the triplet state of the ligand would be neglected and would not contribute. In 
Figure 3.3, three singlet bands are noted for DppeO2 at 35,714 cm
-1, 33,112 cm-1, and 29,940 cm-
1. The optimal energy gap between the DppeO2 lowest singlet state and the resonant energy level 
for Sm3+, Eu3+, Dy3+, and Tb3+ ions are 5,249 cm–1, 2,618 cm–1, 4,688 cm–1, and 2,008 cm–1. In 
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most cases, the single state emission, being an allowed transition, is short-lived, decaying faster 
than energy transfer to a Ln ion can generally occur but allows for intersystem crossing to the 
triplet state. In this case it is proposed that an indirect band gap is occurring. The decay from the 
singlet band is forbidden and is possibly long-lived enough to contribute energy into the Ln3+ ion 
as demonstrated in Scheme 3.1. This singlet energy transfer to lanthanide ions in coordination 
polymers and metal organic frameworks is more common than in complexes.207–211 To further 
explore this possibility, crystals will be synthesized and TD-DFT calculations will need to be 
performed to support this energy transfer theory.  
Scheme 3.1. Energy level diagram describing the energy transfer process  of the singlet DppeO2 
to Tb3+ ions.  
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3.4 Conclusion 
The preparation of {Ln(NO3)3(DppeO2)1.5}n from Ln(NO3)3 and DppeO2 in MeOH (Ln = 
Sm, Eu, Tb, and Dy) has been documented. The luminescence properties for 
{Ln(NO3)3(DppeO2)1.5}n and crystalline DppeO2 were investigated at 78 K. The emission peaks 
for DppeO2 is attributed to a π→π* transition due to the phenyl groups. The emission spectrum of 
{Ln(NO3)3(DppeO2)1.5}n (Ln = Sm, Eu, Dy, and Tb) all showed characteristic Ln
3+ ion emission 
bands. As is shown in Figure 3.3, each Ln(NO3)3(Ph3PO)3 (Ln = Sm, Eu, Dy, and Tb) exhibited 
the antenna effect via LMCT, but only the Tb and Eu complex showed enhanced luminescence 
through excitation at DppeO2. The Tb and Eu complex demonstrated an increased lifetime at 78 K 
via LMCT over f-f transition. To determine which mechanism allows for an increase in emission 
intensity to the Ln3+ ion, synthesis of crystals and TD-DFT studies will be conducted to determine 
if the energy transfer is from the singlet state of DppeO2.  
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CHAPTER 4 
LUMINESCENCE BEHAVIOR WITH Ph3AsO AS AN ORGANIC LIGAND IN 
LANTHANIDE COMPLEXES 
4.1. Introduction  
Lanthanide nitrates with triphenylphosphane oxide have been extensively investigated 
throughout the years.135,137,140–142,160,177,183,212 These complexes have demonstrated increased 
emission properties through the utilization of the antenna effect. The lesser reported 
triphenylarsane oxide has only been reported for several lanthanide and transition metal 
complexes, but not much is known about its photophysical properties in lanthanide nitrate 
complexes.213,214,223,215–222 There are already several known complexes that utilized 
triphenylarsane oxide as a ligand with d-transition metals and as a ligand it has demonstrated 
properties resembling triphenylphosphane oxide.224,225  Triphenylarsane is complimentary to 
triphenylphosphane, both which are important reagents in organic synthesis.226 Triphenylarsane 
oxide has a larger dipole moment than triphenylphosphane oxide227 and has been previously 
reported to bound more strongly to lanthanide metal ions due to an ion-dipole character.218 Due to 
this stronger bond, it is believed that increased emission properties can be achieved. In 1970, 
Shyama P. Sinha synthesized ternary complexes Ln(Hsal)3(Ph3XO)2 where (Ln = Nd or Eu), (Hsal 
= salicylate ion = 1,2-C6H4(OH)CO
–) and (X = P or As).214  Of particular interest was the 
comparison of the Eu complexes when comparing the two ligands for the Eu complexes at liquid 
nitrogen temperatures. At such temperatures, the Eu(Hsal)3(Ph3AsO)2 complex demonstrated 
stronger emission intensity with respect to the Eu(Hsal)3(Ph3PO)2 complex.
214 The author believed 
the increased emission intensity was due to Ph3AsO was capable at absorbing more energy than 
Ph3PO due to it being relatively bulkier which would increase the energy transfer into the Ln metal 
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ion. In this chapter, the synthesis, new crystal structures, and  luminescence utilizing the antenna 
effect for trans-[Ln(NO3)2(Ph3AsO)4]NO3 complexes (Ln = Eu, Sm, Tb, or Dy) are reported. 
4.2. Materials and Methods 
4.2.1. Preparation of Triphenylarsane Oxide Complexes of Lanthanide Nitrates 
The procedure described for triphenylphosphane oxide complexes was followed except 
with Ph3AsO as the ligand. The syntheses were run on roughly the same scale as those for Ph3PO 
using 1 Ln(NO3)3:3 Ph3AsO ratio as well. 
4.2.2. X-ray Crystallography Measurements 
 Crystals were mounted on glass fibers. All measurements were made using graphite-
monochromated Mo- or microfocus Cu-Kα radiation with a Bruker-AXS DUO three-circle 
diffractometer, equipped with an Apex II CCD detector. Initial space group determination was 
based on a matrix consisting of 36 or 120 frames. The data were reduced using SAINT+,145 and 
empirical absorption correction applied using SADABS.146 Structures were solved using intrinsic 
phasing. Least-squares refinement for all structures was carried out on F2. The non-hydrogen 
atoms were refined anisotropically. Hydrogen atoms were placed in riding positions and refined 
isotropically. Structure solution, refinement, and the calculation of derived results were performed 
using the SHELXTL package of computer programs147 and ShelXle.148 Details of the X-ray 
experiments and crystal data are summarized in Table 4.1. Selected bond lengths and bond angles 
are given in Table 4.2. 
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4.2.3. Diffuse Reflectance Measurements  
Diffuse reflectance spectra were collected on solid samples at 298 K. The light source was 
a Mikropack DH-2000 deuterium and halogen light source coupled with an Ocean Optics 
USB4000 detector. Collected light was collected with a fiber optic cable. Spectra were   referenced 
and blanked with KCl. Data were processed using SpectraSuite 1.4.2_09. 
4.2.4. Photophysical Studies  
Steady-state luminescence scans were collected at 78 K. Spectra were taken with a Model 
QuantaMaster-1046 photoluminescence spectrophotometer from Photon Technology International 
using a 75 W xenon arc lamp combined with two excitation monochromators and one emission 
monochromator. A photomultiplier tube at 800 V was used as the emission detector. The solid 
samples were mounted on a copper plate using non-emitting copper dust high vacuum grease. All 
scans were collected under vacuum with a Janis ST-100 optical cryostat. Liquid nitrogen was used 
as a coolant for low temperature scans. 
4.3. Results and Discussion of Lanthanide Complexes 
4.3.1. Synthesis and X-ray Crystallography 
A mixture of Ln(NO3)3•xH2O and Ph3AsO refulxed in chloroform overnight produced 
colorless solutions for all Ln nitrate salts studied. White crystalline products were precipitated 
from these solutions upon addition of ethyl ether. In most cases, the products were shown to be 
trans-[Ln(NO3)2(Ph3AsO)4]NO3 via X-ray crystallography (see below). However, two structural 
types were produced. The Sm(III), Eu(III), and Tb(III) complexes afforded a product with four 
ligands per metal center demonstrating a triclinic P–1 symnetry while the Ln ion Dy(III) afforded 
a product with four ligands per metal center demonstrating a monoclinic of P21/c confirmed by X-
ray crystallography.  
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Crystals were readily obtained from various solvent (methanol, dichloromethane, and 
acetone) solutions of trans-[Ln(NO3)2(Ph3AsO)4]NO3 when layered with ethyl ether. Due to a 
tendency to form twinned crystals, it was found to be preferable to carry out crystallizations at 
reduced temperature. The structure and refinement details are provided in Tables 4.1 and 4.2. 
Because the structures reported herein are very similar in appearance, only two representative 
complexes are shown in Figures 4.1 and 4.2, corresponding to the two formulations identified. 
Three solvent-free isomorphic complexes trans-[Ln(NO3)2(Ph3AsO)4]NO3 (Ln = Tb, Sm, and Eu) 
are represented by the Eu structure in Figure 4.1 demonstrating the P–1 symmetry. One solvent 
isomorphic complexes trans-[Ln(NO3)2(Ph3AsO)4]NO3 (Ln = Dy) represented by Figure 4.2 
demonstrating the P21/c symmetry. The Sm(III) complex demonstrated the same geometry as the 
Tb(III) and Eu(III) complexes with the addition of two acetone solvates. In both crystal structures, 
there is a displaced NO3
- from the inner coordination sphere of the lanthanide cation. Paine et al 
previously stated that this is quite uncommon with neutral oxo-donor ligands.228,229 It has been 
reported that diphosphane dioxide ligands have a tendency to displace the nitrate ions to the outer 
sphere,228–230 and can be expected for Ph3AsO as well.  
 
 
 
 
 
 
 
 
54 
 
Table 4.1. Crystal and structure refinement data for trans-[Ln(NO3)2(Ph3AsO)4]NO3. 
 Sm Eu Tb Dy 
color and 
habit 
Colorless plate Colorless plate Colorless plate Colorless plate 
Size, mm 0.380 × 0.280 × 
0.130 
0.380 × 0.210 × 
0.180 
0.510 × 0.330 × 
0.290 
0.220 × 0.180 × 0.130 
formula C78H72SmN3 
O15As4 
C72H60N3O13 
As4Eu 
C74H60N3O13 
As4Tb 
C74H68DyN3 
O15As4 
formula 
weight 
1741.41 1626.87 1633.83 1701.49 
space 
group 
P-1 P-1 P-1 P21/c 
a, Å 14.7695(18) 13.2627(5) 13.2689(7) 16.4481(9) 
b, Å 15.4650(19) 14.3604(5) 14.3332(7) 15.9168(9) 
c, Å 18.231(2) 20.1165(7) 20.1250(10) 26.8753(14) 
β, ° 80.382(2) 96.4750(10) 96.4330(10) 92.3490(10) 
volume, Å3 3753.9(8) 3356.2(2) 3347.2(3) 7030.1(7) 
Z 2 2 2 4 
ƿcalc, mg 
cm−3 
1.541 1.610 1.621 1.608 
F000 1750 1624 1628 3404 
Radiation, 
λ, Å 
Mo Kα, 
0.71073 
Cu Kα, 
0.71073 
Cu Kα, 
0.71073 
Mo Kα, 
0.71073 
μ, mm−1 2.598 2.957 3.085 3.000 
temp., K 100 100 100 100 
residuals:b 
R; Rw 
0.0493, 0.1554 0.0283, 0.0739 0.0364, 0.0917 0.0433, 0.1205 
goodness 
of fit 
1.035 1.040 1.089 1.251 
residual 
peak, hole 
1.622, −1.064 2.080, −1.201 2.148, −1.497 2.047, −1.178 
aR = R1 = Σ||Fo| − |Fc||/Σ|Fo| for observed data only.  Rw = wR2 = {Σ[w(Fo2 – Fc2)2]/  [w(Fo2)2]}1/2 
for all data. 
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Figure 4.1. Thermal ellipsoid diagram of trans-[Eu(NO3)2(Ph3AsO)4]NO3. Hydrogen atoms and 
disordered positions omitted. Non-coordinated nitrates each half-independent. Ellipsoids shown at 
30%. 
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Figure 4.2. Thermal ellipsoid diagram of trans-[Dy(NO3)2(Ph3AsO)4]NO3*2MeOH. Hydrogen 
atoms and solvent molecules omitted. Ellipsoids shown at 30%. 
 
 
Average bond lengths and angles were compared across the Ln series for the trans-
[Ln(NO3)2(Ph3AsO)4]NO3 structures reported in Table 4.2. When bond distance observed vs. f 
electron count, the bond distances for Ln–OAsPh3 and Ln–ONO2 decreased as a direct result of 
lanthanide size contraction. The nitrate-Ln chelate angle was seen to be consistent across the 4f 
series. This result is presumably due to the number of coordinating ligands to the central metal ion. 
The bond distances are relatively shorter than the distances in the respective Ln(NO3)3(Ph3PO)3 
while the nitrate-Ln chelate angles are much larger. These larger angles are believed to be due to 
the shorter bond distnaces and being larger than P. These shorter bond distances and larger angles 
for trans-[Ln(NO3)2(Ph3AsO)4]NO3 are believed to be more efficient at transfering energy into the 
Ln metal ion through the attena effect and being a more effective atennea than Ph3PO. 
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Table 4.2. Bond length (Å) and angle (°) comparison for trans-[Ln(NO3)2(Ph3AsO)4]NO3 
structures. 
Ln Ln–OAsPh3 Ln–ONO2 Ph3AsO–
Ln–
OAsPh3a 
…N(O)O–
Ln–O…b 
Ln–O–AsPh3 
Sm 
2.258, 2.264, 2.280 2.300–
2.572 
91.10, 
92.80 
77.54, 76.43, 
79.57 
169.8, 167.0, 167.5, 
171.5 
Eu 
2.252, 2.254, 2.261 2.277–
2.559 
91.16, 
93.01 
79.49, 76.19, 
77.70 
176.28, 168.59, 
158.59, 160.35 
Tb 
2.239, 2.251, 2.252 2.261–
2.536 
88.08, 
88.98 
76.60, 77.41, 
76.85 
161.46, 155.73, 145.9, 
163.88 
Dy 2.215, 2.226, 2.246 2.256–
2.497 
91.68, 
96.44 
76.79, 74.19, 
75.14 
162.5, 164.5, 153.9, 
158.9 
atrans angles. bNitrate chelate bite angle.  
 
4.3.2. Diffuse Reflectance Spectroscopy 
All samples were vacuum-dried to remove traces of solvent prior to making spectroscopic 
measurements. The room temperature solid-state absorption spectra of the various trans-
[Ln(NO3)2(Ph3AsO)4]NO3 complexes prepared in this study, as well as that of free Ph3AsO, are 
shown in Figure 4.3 below. At wavelengths less than 300 nm, a shoulder is observed that is 
characteristic of a n→π* transition like that of Ph3PO and is observed for all complexes. This 
shoulder is also observed for pure Ph3AsO as well. These bands are in agreement with the 
transmittance for all trans-[Ln(NO3)2(Ph3AsO)4]NO3 complexes in Figure 4.4 and show that 
absorption occurs at the phenyl groups similar to the Ln(NO3)3(Ph3PO)3 complexes. This 
assignment is further supported by the lack of lanthanide ion absorption features for Dy(III) and 
Sm(III) complexes. In trans-[Ln(NO3)2(Ph3AsO)4]NO3 (Ln = Tb or Eu) complexes, several 
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absorption bands are observed as well as some f–f emission bands, which indicated strong emission 
from these systems. 
Figure 4.3. Transmittance spectra of trans-[Ln(NO3)2(Ph3AsO)4]NO3 and free Ph3AsO at room 
temperature. 
 
4.3.3 Luminescence Measurements 
Luminescence measurements on a series of dried trans-[Ln(NO3)2(Ph3AsO)4]NO3 
complexes and on crystalline Ph3AsO at 78 K were performed. Room temperature data are not 
reported since the ligand excitation does not become apparent until the samples are cooled to sub-
ambient temperatures. The results are shown in Figure 4.4. Pure Ph3AsO displayed a maximum 
excitation band at 330 nm with shoulders at 275 and 290 nm. Triphenylarsane oxide demonstrated 
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similar characteristics to previously reported triphenylphosphane oxide which demonstrated an 
n→π* transition.160  
Figure 4.4: Luminescence spectra of trans-[Ln(NO3)2(Ph3AsO)4]NO3 (Ln= Tb, Eu, Sm, and Dy) 
and the free ligand Ph3AsO at 78 K. 
 
For the trans-[Ln(NO3)2(Ph3AsO)4]NO3 complexes in Figure 4.4 (Ln = Sm, Eu, Dy, and 
Tb), two distinct regions of excitation are observed. In one region, UV excitation bands associated 
with direct excitation of the central metal ion are seen. These bands are distinguished by the sharp 
and narrow features associated with forbidden f–f transitions previously demonstrated in (Table 
2.7 in previous chapter). Upon excitation of the most intense emissive state for each lanthanide, 
strong emission is observed for the Ln3+ ion. At higher energies for these trans-
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[Ln(NO3)2(Ph3AsO)4]NO3 complexes (Ln = Sm, Eu, Dy, and Tb), between 220 nm and 300 nm, a 
single broad excitation band is observed. Due to the relative breadth and high energy of this band 
it was concluded that it represented an n→π* excitation band associated with ligand’s phenyl 
groups. Because two excitation regions are present, it should be possible to induce lanthanide 
emission through direct metal ion excitation or via a ligand-to-metal charge transfer (LMCT), 
which could result in greater emission intensity. 
Interestingly, the Tb and Eu complexes are the only complexes amongst those studied 
herein to show greater emission intensity when excitation energy associated with the LMCT was 
used rather than direct lanthanide metal ion excitation as seen in Figure 4.4 above. The emission 
bands for both Eu3+ and Tb3+ are very narrow and the width of half band is < 10 nm which indicated 
the complexes have high color purity and that Ph3AsO can be a good energy match for Eu
3+ and 
Tb3+.196 The emission spectra for Eu3+ is dominated by two distinct emission signals at 615 and 
590 nm, corresponding to 5D0→7F2 and 5D0→7F1 transitions, respectively. While the intensity of 
the 5D0→7F1 band is relatively independent of the europium surroundings, the 5D0→7F2 transition 
is known to be very sensitive to the ligand field experienced by the EuIII center. The ratio intensity 
of the emission transitions (I615/I590) can give insight into the symmetry of the Eu
III polyhedra.197–
202 trans-[Eu(NO3)2(Ph3AsO)4]NO3 demonstrated a ratio of 7.70 which suggested that the 
coordination of the Eu3+ ion in this structure is not as symmetrical since the ratio is not < 1.134  
When the intensity ratio was compared to that of the Eu(NO3)3(Ph3PO)3 complex (7.94), there is a 
slight decrease which supported that  Ph3AsO is more symmetrical than Ph3PO when the Eu 
complexes were observed. When the 5D0→7F2 transition was compared between Ph3AsO and 
Ph3PO, no distinct splitting is observed.  
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Further observation of the emission intensity ratio (I541/I487) suggested that trans-
[Tb(NO3)2(Ph3AsO)4]NO3 is somewhat more symmetrical than that of trans-
[Eu(NO3)2(Ph3AsO)4]NO3 due to its ratio being that of 2.20 and is slightly less symmetrical than 
Tb(NO3)3(Ph3PO)3 by 0.10. The symmetry of these complexes seemed to play a role in emission 
intensity upon excitation. The Eu3+ ion at 615 nm emission intensity is almost eight-fold via ligand 
excitation compare to direct lanthanide ion excitation while the Tb3+ ion is only increased by a 
factor of 2.27. This suggests that Ph3AsO is a better match for Eu while Ph3PO is a better match 
for Tb3+.  
The antenna effect worked for Tb3+ and Eu3+ ions but not for the other Ln3+ ions which is 
believed to be due to Latva’s empirical rule like that for the Tb3+ ion when paired with Ph3PO. The 
Ph3AsO triplet state can be estimated to have an energy value of at least 26,316 cm
–1 because the 
presence of the broad band in trans-[Sm(NO3)2(Ph3AsO)4]NO3*2acetone is due to low efficiency 
of energy transfer into the Sm3+ as shown in Figure 4.4.205 According to Latva’s empirical 
rule,132,166 in order for an effective ligand-to-lanthanide transfer to take place, the optimal energy 
difference between the triplet state of the ligand and the resonant energy level of the Ln3+ ion must 
be in the range of 2,500–4,500 cm–1.132 The resonant energy levels for Sm3+, Eu3+, Dy3+, and Tb3+ 
ions are 24,691 cm–1, 25,252 cm–1, 27,322 cm–1, and 27,933 cm–1. Thus, the optimal energy gaps 
between the Ph3AsO lowest triplet state and the resonant energy level for Sm
3+, Eu3+, Dy3+, and 
Tb3+ ions are 1,625 cm–1, 1,064 cm–1, 1,006 cm–1, and 1,617 cm–1. When these optimal energy 
gaps were observed, no Ln3+ ion fell into the range according to Latva’s empirical rule. The only 
other explanation as to why energy transfer is observed for both Tb3+ and Eu3+ ions is due to  
excited singlet states of the ligand can contribute to the energy transfer and can be privileged donor 
states as demonstrated by Kleinerman et al. who has studied over 600 lanthanide complexes.231 
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Hence the triplet state of the ligand would be neglected and would not contribute. In Figure 4.4, 
three singlet bands are noted for Ph3AsO at 36,364 cm
–1, 34,483 cm–1, and 30,303 cm–1. The 
optimal energy gap between the Ph3AsO lowest singlet state and the resonant energy level for 
Sm3+, Eu3+, Dy3+, and Tb3+ ions are 5,612 cm–1, 5,051 cm–1, 2,981 cm–1, and 2,370 cm–1. In most 
cases, the single state emission, being an allowed transition, is short-lived, decaying faster than 
energy transfer to a Ln ion can generally occur but allows for intersystem crossing to the triplet 
state. In this case it is proposed that an indirect band gap is occurring. The decay from the singlet 
band is forbidden and is possibly long-lived enough to contribute energy into the Ln3+ ion as 
demonstrated in Scheme 4.1. This singlet energy transfer to lanthanide ions in coordination 
polymers and metal organic frameworks is more common than in complexes.207–211 To further 
explore this possibility, lifetime measurements, quantum yields, and TD-DFT calculations will 
need to be performed to support this energy transfer theory.  
Scheme 4.1. Energy level diagram describing the energy transfer process of the singlet Ph3AsO to 
Tb3+ ions.  
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4.4 Conclusions 
The preparation of trans-[Ln(NO3)2(Ph3AsO)4]NO3 from Ln(NO3)3·xH2O and Ph3AsO in 
chloroform (Ln = Sm, Eu, Tb, and Dy) has been documented. When observing against f electron 
count, Ln–O bond lengths decreased steadily, in accordance with the lanthanide contraction. The 
nitrate chelate angle was consistent with increasing f electron count, demonstrating the possibility 
of more efficient energy transfer into Ln metal ions than Ph3PO.  
The luminescence properties for trans-[Ln(NO3)2(Ph3AsO)4]NO3 and crystalline Ph3AsO 
were investigated at 78 K. The emission peaks for Ph3AsO is attributed to a π→π* transition due 
to the phenyl groups. The emission spectrum of trans-[Ln(NO3)2(Ph3AsO)4]NO3 (Ln = Sm, Eu, 
Dy, and Tb) all showed characteristic Ln3+ ion emission bands. As is shown in Figure 4.4, each 
trans-[Ln(NO3)2(Ph3AsO)4]NO3 (Ln = Sm, Eu, Dy, and Tb) exhibited the antenna effect via 
LMCT, but only the Tb and Eu complex showed enhanced luminescence through excitation at 
Ph3AsO. To determine which mechanism allowed for an increased emission intensity to the Ln
3+ 
ion, lifetime measurements, quantum yields, and TD-DFT studies will be conducted to determine 
if the energy transfer is from the singlet state of Ph3AsO.  
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CHAPTER 5 
LUMINESCENCE SENSING IN GROUP 11 IODIDES 
5.1. Introduction  
In recent years, inorganic complexes have been studied for their vapochromic sensing 
ability of chemical vapors.64,65,67,232 Inorganic complexes that demonstrated a change in 
luminescence upon exposure to chemical vapors are highly desirable for their selectivity and 
sensitivity for potential ability as a chemical, biological, or optical sensor.23,91,233 Of great interest 
are metal ions of the d10 group due to their metal-metal interactions with distinct emission upon 
UV irradiation.8–21 The emission can be altered by multiple factors including temperature and/or 
ligands attached to the metal ion. Previously reported work on the sensing ability of CuI films for 
sensing of nucleophilic vapor containing nitrogen and sulfur demonstrated the ability to detect 
within hours.23 These CuI films appeared non-luminescent under UV irradiation before exposure 
to such nucleophilic vapors but during exposure a luminescent response in the visible range is 
observed as demonstrated in Scheme 5.1. This previous work demonstrated the ability of CuI films 
to be for the use of chemical sensors, but a drawback of these CuI films is their limited ability to 
detect nucleophilic vapors on the seconds time scale.  
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Scheme 5.1. Images of CuI films under 365 nm UV irradiation before and after exposure to various 
nucleophiles. Taken from reference 23. 
 
 Two approaches are taken to overcome this limitation, (1) nanoparticles and (2) mixed 
metal iodides. Nanoparticles have unique different physical and chemical properties when 
compared to bulk material.107–112 Nanoparticles have a larger surface to area ratio which in theory 
would demonstrate rapid detection for sensing reactions. Published works by Leznoff on mixed 
metal systems have demonstrated to outperform homometallic systems for vapochromic 
responses.74,91,248,249 [Cu1/2Au1/2]CN stands out from the rest, which inspired the utilization of 
heterometallic system, for its vapochromic response towards dimethyl sulfide.91  No vapochromic 
response is observed when there are equal molar ratios of the metal ions when exposed to dimethyl 
sulfide vapor. When the molar ratio is changed by the addition of Cu(I), [Cu2/3Au1/3]CN turns on 
vapochromic behavior for the detection of dimethyl sulfide vapor despite being isomorphic to 
[Cu1/2Au1/2]CN. The change in vapochromic response is due to the disruption of aurophillic 
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bonding from Au(I) ion replacement by Cu(I) metal centers reported by Leznoff et al. This 
disruption allowed for the incoming vapor to bind to the crystal lattice and which caused a change 
in emission. This shift in emission from blue to yellow upon exposure occurred within several 
minutes.  
Based on the previous success with CuI films and published works of rapid vapochromic 
response for mixed metal systems, the synthesis and vapochromic response of homometallic CuI 
(1) and heterometallic Cu(I)/Ag(I) iodide at a Cu:Ag ratio of 75:25 (2) and 50:50 (3) nanoparticles 
are studied. All nanoparticles demonstrated remarkable color change upon exposure to various 
nucleophilic vapors with slight differences in emission energies of 1-3. Kinetic studies were 
utilized to explore the mechanism for which the reaction occurs upon exposure to dimethyl sulfide 
and demonstrated the half-lives between 1-3. Incorporation of Ag(I) into the substrate resulted in 
speed up reaction times. These results demonstrated that mixed Cu/Ag halide nanoparticles are 
effective materials in the rapid detection of nucleophilic vapors. 
5.2. Materials and Methods 
5.2.1. Nanoparticle Synthesis 
CuI Nanoparticles (1): CuI (0.800 mmol) is added to 20 mL aqueous solution of 3.0 M 
potassium iodide (KI). While stirring, 5 mL ethyl alcohol and 15 mL acetonitrile are added. The 
solution is stirred vigorously until no solids are observed. Under continuous stirring, excess 
deionized water was slowly added drop wise at a rate of 1 drop every 5 seconds until a precipitate 
was observed. The slow rate of addition of deionized water is important to slowly reduce the 
solubility in which nanoparticles will fall out of solution. The precipitate demonstrated an off-
white color and the powder which was harvested by centrifuge including being washed with two 
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washes of water and a final wash with ethyl alcohol. Nanoparticles were left to air dry overnight 
at room temperature. 
 Cu0.75Ag0.25I Nanoparticles (2): The procedure described for CuI was followed using CuI 
(0.600 mmol) and Ag (0.200 mmol). The precipitate demonstrated a pale-yellow color.
 Cu0.50Ag0.50I Nanoparticles (3): The procedure described for CuI was followed using CuI 
(0.400 mmol) and Ag (0.400 mmol). The precipitate demonstrated a yellow color. 
5.2.2. Transmission Electron Microscopy 
Images of nanoparticles were collected using the University of Maine’s Electron 
Microscopy Laboratory’s Philips/FEI CM 10 TEM with a point resolution of 0.5 nm and lattice 
resolution of 0.3 nm. Magnification power in the range of 25× to 450,000× with an accelerating 
potential of 100 kV was used. For imaging, nanoparticles were deposited from sample solution 
onto copper TEM grids coated with a layer of amorphous carbon. To deposit nanoparticles a small 
drop of nanoparticle solution was pipetted onto a grid surface and allowed to air dry at ambient 
temperature. 
5.2.3. Powder X-ray Studies  
Powder diffraction analysis was carried out on the instrument described above using 
microfocus Cu Kα radiation. Samples were ground and prepared as mulls using Paratone N oil. 
Four 180 s frames were collected, covering 8–70º 2. Frames were merged using the SMART 
Apex III software250 and were further processed using EVA software.251 Simulated powder patterns 
from single crystal determinations were generated using the Mercury program.252 
5.2.4. Photophysical and Kinetic Measurements 
Steady-state luminescence scans of exposed nanoparticles were collected at 298 K and 
unexposed nanoparticles’ luminescence was collected between 298 K and 78 K. Spectra were 
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taken with a Model Quantamaster-1046 photoluminescence spectrophotometer from Photon 
Technology International using a 75 W xenon arc lamp combined with two excitation 
monochromators and one emission monochromator. A photomultiplier tube at 800 V was used as 
the emission detector. The solid samples were mounted on a copper plate using non-emitting 
copper-dust high vacuum grease. All scans were collected under vacuum with a Janis ST-100 
optical cryostat. Liquid nitrogen was used as a coolant for low temperature scans down to 78 K.  
Diffuse reflectance spectra were collected on unexposed nanoparticles at 298 K. The light 
source was a Mikropack DH-2000 deuterium and halogen light source coupled with an Ocean 
Optics USB4000 detector. A fiber optic cable was used to gather collected light. Spectra was 
referenced with KCl powder. Data was processed using SpectraSuite 1.4.2_09. Kinetic studies are 
performed by 2 mg of nanoparticles unexposed to a mixed vapor containing a controlled amount 
of dimethyl sulfide at a constant flow rate. To produce the controlled amount of dimethyl sulfide 
gas, air is bubbled through a liquid sample of dimethyl sulfide at 298 K. This saturated vapor is 
then mixed with a 1:1 ratio of atmosphere to reduce the concentration, producing the controlled 
vapor. The flow rate is adjusted to 4.334 × 10-5 mol hr–1 where the system is purged 5 minutes to 
reach equilibrium. After 5 minutes the valve bubbling the dimethyl sulfide liquid is closed and 
nanoparticles are applied on a glass slide directly under the outflow. To measure the luminescence 
response, a 350 nm mercury lamp is utilized as an excitation source and the emission is collected 
via a fiber optic cable. An Ocean Optics spectrometer is used as the detector. A dark spectrum is 
taken as a blank before each trial. Time acquisition measurements at specific wavelengths are taken 
until no change is observed. Solid-state luminescence spectra are utilized to determine the emission 
wavelength that is monitored for each nanoparticle. A total of three trials are collected and 
averaged for final analysis. 
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5.3. Results and Discussion of Luminescence Sensing 
5.3.1. Characterization 
Copper(I) and silver(I) halides are normally insoluble in water. Solubility is achievable in 
aqueous solution if there is a significantly high KI concentration. Once soluble, addition of excess 
water during vigorous stirring decreases the KI concentration thus forcing the metal iodide to fall 
out of solution as nanoparticles. This green chemistry approach was applied in synthesizing a series 
of nanoparticles as described in the experimental section. Spherical nanoparticles of 1-3 are 
confirmed by TEM images in which they are relatively monodispersed as seen in Figure 5.1. 
Average diameters for 1 of 18.3 nm ± 2.6 nm, 2 of 20.2 nm ± 1.4, and 3 of 45 nm ± 5.7 nm were 
determined by ImageJ particle analysis of multiple micrograph images.253 PXRD analysis, Figure 
5.2, confirms that 1-3 are a homogenous zinc-blende motif of 𝛾-MI and demonstrates no PXRD 
peak attributing to pure CuI or AgI for both 2 and 3. 
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Figure 5.1. TEM micrographs and histograms of nanoparticles 1-3 unexposed.  
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Figure 5.2. PXRD patterns of the as-prepared 1-3 nanoparticles unexposed. 
 
5.3.2. Diffuse Reflectance Measurements 
Powder samples of 1-3 each have their own unique color, and diffuse reflectance 
spectroscopy was conducted to observe the change upon addition of Ag into the system. Strong 
absorption bands in both the UV and visible range are observed for all systems as shown in Figure 
5.3 below. It is clear from the spectra that 2 and 3 have a distinctly broader band compared to 1 
which extends further into visible range to 480 nm, in agreement with observed colors. Using the 
optical absorption edge, the band gaps were calculated for 1-3 and resulted in 2.93 eV, 2.79 eV, 
and 2.62 eV, respectively. As the concentration of Ag increased from system to system, it becomes 
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noticeable that the band gap energy is decreased. These band gap energies are similar to previously 
reported bulk and nano-𝛾-CuI/AgI systems with band gaps ranging between 2.92 eV and 3.1 
eV.254–259 
Figure 5.3. DRS spectra of solid samples of 1-3 unexposed at room temperature. 
 
5.3.3. Luminescence Response 
To explore the vapochromic behavior of 1-3, the luminescence of solid samples was 
measured before and after exposure to various nucleophilic vapors. Unexposed nanoparticles 1 
and 2 demonstrate pink emission under a 350 nm mercury lamp, as demonstrated in Figure 5.4. 
This pink emission intensity decreases with increasing Ag content and when the Cu:Ag ratio is 
equivalent, as in nanoparticle 3, the solid becomes non-emissive. The emissive behavior is likely 
due to a halide-metal charge transfer transition (XMCT) and has been previously reported in CuI 
films by Dr. Pike and Dr. Patterson.23 Nanoparticles 1-3 all show vapochromic behavior when 
exposed to a variety of nucleophiles at 298 K and display a broad range of bright emission colors 
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under UV light as shown in Figures 5.5 and summarized in Table 5.1. The emission colors 
displayed by these systems are similar to those reported for other Cu(I) complexes and 
demonstrated the ability of previously reported vapochromic d10 metal ions.23,248,249,260–262 The 
bright emissions of these systems upon exposure are assigned to either a MLCT or mixed X/MLCT 
characteristic of Cu/Ag halide metal-organic frameworks based on previously reported systems.45–
47,49,52,54,56,263,264 
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Figures 5.4. Images of (top) homometallic 1, (middle) heterometallic 2, and (bottom) 
heterometallic 3 under UV light after exposure to various nucleophiles. Image of unexposed 
nanoparticles under UV light are provided in the center for reference.  
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Figure 5.5. Luminescence spectroscopy of 1-3 exposed to various nucleophiles. Obtained at 298 
K. 
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Figure 5.5. Continued. Luminescence spectroscopy of 1-3 exposed to various nucleophiles. 
Obtained at 298 K. 
 
Vapoluminescence differences between the emission maximums of 1, 2, and 3 are observed 
and described below in Table 5.1. For all nanoparticles, structurally similar nucleophiles such as 
pyridine (Py), 3-ChloroPy, and 2-MethylPy display distinctly different emission energies and serve 
as proof of concept for use of 1-3 as chemical sensor materials. As seen in Table 5.1, distinctly 
different emissions are observed between 1 and 2 and 1 and 3 upon exposure to (∆𝜆max>50 nm) 2-
methoxyPy, 1-ethylpiperdine and 3-ChloroPy (∆𝜆max>20 nm). Most notable is tetrahydrothiophene 
vapor exposure to nanoparticles 1-3, a noticeable shift of 100 nm is observed in Table 5.1 between 
1 and 2 upon exposure. Upon further observation of Figures 3.4 and 3.5, a noticeable shoulder 
occurs at 622 nm upon exposure to nanoparticle 2 and a noticeable color change in observed 
between both nanoparticles upon exposure. It is believed the drastic change in emission is due to 
over exposure of nanoparticle 2 when exposed to tetrahydrothiophene. The emission ∆𝜆max 
difference for the remaining VOCs are negligible.  
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Table 5.1. Comparison of emission 𝜆max between 1, 2, and 3 after exposure to various nucleophiles. 
 1  2 3 2𝜆max - 
1𝜆max 
3𝜆max - 
1𝜆max 
Nucleophile 𝜆max  𝜆max 𝜆max ∆ 𝜆max ∆ 𝜆max 
none 416 nm  652 nm --- + 236 nm --- 
2-methylpyridine 492 nm  488 nm 496 nm - 4 nm + 4 nm 
2-methoxypyridine 448 nm  504 nm 486 nm + 56 nm + 38 nm 
1-ethylpiperdine 456 nm  476 nm 466 nm + 20 nm + 10 nm 
dimethyl sulfide 542 nm  544 nm 542 nm    + 2 nm  0 nm 
3-chloropyridine 527 nm  558 nm 550 nm + 31 nm + 23 nm 
pyridine 568 nm  562 nm 564 nm - 6 nm - 4 nm 
triethyl phosphite 574 nm  570 nm 570 nm - 4 nm - 4 nm 
oxazole 583 nm  570 nm 580 nm - 13 nm - 3 nm 
thiazole 588 nm  590 nm 592 nm + 2 nm + 4 nm 
tetrahydrothiophene 622 nm  522 nm 624 nm - 100 nm + 2 nm 
Based on the luminescence behavior of these nanoparticles after exposure, it can be 
assumed that in some cases nucleophilic binding to the nanoparticle surface is identical. However, 
for certain nucleophilic vapors the presence of Ag(I) results in a luminescence shift of the 
nucleophile binding mechanism. To explain the differences in the emission spectra of the 
nanoparticles upon exposure, it can be rationalized that in the heterometallic systems, one of two 
scenarios apply: (1) nucleophilic binding is preferred at the Ag(I) surface site resulting in a Ag-Nu 
emission band or (2) binding occurs at the Cu site and the Cu-Nu emission is modulated by a 
neighboring Ag(I) ion via metal-metal interactions. Previously reported on d10/d8 metal-metal 
interactions have demonstrated to drastically alter the emission energies of heterometallic 
complexes. In these systems the presence of metal-metal interactions stabilizes the excited state, 
resulting in lowering of the emission energy thus resulting in a higher wavelength.246,265–267  This 
is most notable when comparing nanoparticle 1 and 2 before exposure. The addition of Ag(I) into 
the system results in a 236 nm red shift thus lowering the energy.  In all cases where moderate 
differences are observed in the emission upon exposure, there is a red shift for the heterometallic 
nanoparticles (2 and 3) when compared to the homometallic nanoparticles (1). Since these systems 
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have demonstrated the ability to show selectivity upon exposure to various nucleophiles, kinetic 
experiments were sought after to compare the sensitivity and rate of exposure to dimethyl sulfide 
vapor due to having the least amount of emission shift between all nanoparticles upon exposure. 
5.3.4. Kinetic Measurements 
The reaction of metal halide nanoparticles with nucleophilic vapors as a two-step 
mechanism where the adsorption of nucleophilic vapors to the surface is dictated by weak 
electrostatic interactions was first considered. In this case, the reaction was expected to follow the 
general scheme below, where the weakly bond nucleophilic vapors can desorb easily leading to a 
reversible first step mechanism.  
Equation 5.1. Expected reaction mechanism. 
 
While the method of analysis for a non-steady state consecutive reaction, first step 
reversible, has been determined, the solving of rare rate constants requires kinetic experimentation 
and deciphering into rate constants for each forward and reverse reaction which can become 
difficult. By controlling the reaction conditions, a flooding method can be used to reduce this 
mechanism to a series of first order reactions where the reverse rate constant, k–1, can be neglected 
making analysis much less complex.268  
Equation 5.2. Flooded reaction mechanism neglecting a reversible first step. 
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In this reaction the constant flow of nucleophilic vapor reduces the concentration of [B] to 
a constant and forces k1>>k–1, allowing for the elimination of the reactant B and reducing step one 
to a non-reversible forward reaction. The equation of formation of product [P] over time, below, 
has been solved for this case previously.268  
Equation 5.3. Formation of the product over time.  
[P]t = [A]0 {1 −
1
k2 − k1
{𝑘2e
(−k1t) −  𝑘1e
(−k2t)}} 
 To determine our rate constants, the k1 and k2 values were varied to produce a best fit line 
with a minimum RMS value compared to the experimental data. It is important to note that there 
are two solutions to the above equation: (1) where the values of k1 and k2 are interchanged where 
the solutions correspond to either rapid formation of a weakly emitting intermediate or (2) slow 
formation of a strongly emitting intermediate. To deduce which rate constant is k1 and k2 we 
performed additional kinetic studies which doubled the concentration of the nucleophilic vapor. 
No significant changes in rate constants were observed, indicating that the second step was indeed 
the rate determining step where k2<<k1 as demonstrated in Table 5.2. 
The vapochromic response of d10 metal-halide nanoparticles is believed to occur through a 
two-step process: (1) adsorption of the nucleophile on the surface and (2) rearrangement of surface 
atoms to form the final cubane complex. The evidence for this mechanism is kinetic 
experimentation. Thus, nanoparticle emission has been measured as a function of time until the 
nanoparticles are saturated and show no further change upon exposure. Results for 1-3 
nanoparticles exposed to dimethyl sulfide are shown in Figure 5.6. The time-dependent emission 
spectra indicate that the pure metal halide 1 reacts more slowly than the mixed metal halide 
nanoparticles 2 and 3 as evident by the order of 1st half-lives for 3 << 2 < 1 (9.85 s, 74.2 s and 
97.7 s, respectively). Calculation of rate constants reveal that in all cases, the rearrangement of the 
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surface atoms into the final Cu4I4 cubane is the rate determining step, by an order of 10
5 for 
nanoparticles 1 and 2 and an order of 104 for nanoparticle 3. The magnitude of k1 demonstrated no 
significant changes between 1-3 nanoparticles. Instead, k2 acts as the metal dependent value, 
increasing in value with higher concentrations of Ag(I). This increase leads to the significantly 
faster reaction rate of 3 whose reaction is complete within 25 seconds. It is important to note at 
this point the final emissive product Cu4I4L4 is identical in 1-3 as evident in the PXRD and 
luminescence spectra despite the differences in makeup between nanoparticles 1-3. 
Table 5.2. Summary of kinetics results for 1-3 with exposure to DMS vapor at 4.334 × 10–5 mol 
hr–1 and 8.665 × 10–4 mol hr–1. 
 
System Flow Rate Half-life k1 k2 
1 4.334 × 10–5 mol hr–1 97.7 s >102 7.32 × 10–3 
 8.665 × 10–4 mol hr–1 96.4 s >102 7.38 × 10–3 
2 4.334 × 10–5 mol hr–1 74.2 s >102 8.88 × 10–3 
 8.665 × 10–4 mol hr–1 72.4 s >102 8.89 × 10–3 
3 4.334 × 10–5 mol hr–1 9.85 s >102 8.09 × 10–2 
 8.665 × 10–4 mol hr–1 6.14 s >102 8.19 × 10–2 
 
 To further explore the effect of Ag substitution on the second step in the kinetic mechanism, 
the activation energies of 1-3 have been calculated. Since the kinetic experiments are performed 
under flooded conditions, the rate constants are independent of vapor concentration thus allowing 
the average of the k2 rate constants for 1-3, k1ave, k2ave, k3ave, to be taken respectively. Using the 
Arrhenius equation, we can relate each rate constant to the system’s activation energy. As a steady 
state reaction, [A] is assumed to be a constant for 1-3. By doing this the following expression 
where the unknown constant [A] is eliminated is shown below, 
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Equation 5.4. Arrhenius equation utilized to relate to the system’s activation energy.  
𝑘𝟏𝑎𝑣𝑒
𝑘𝟐𝑎𝑣𝑒
=
𝑒
−𝐸1𝑎
𝑅𝑇
𝑒
−𝐸2𝑎
𝑅𝑇
 
where R = 8.314 J/mol-K, T = 298 K, and the values E1a, E2a, and E3a are the activation energies of 
1, 2, and 3, respectively. This expression can be rearranged by taking the natural log (ln) and 
simplifying the expression to the form: 
Equation 5.5. Simplified Arrhenius equation for activation energy between 1 and 2. 
ln (
𝑘𝟏𝑎𝑣𝑒
𝑘𝟐𝑎𝑣𝑒
) = (−𝐸𝟏𝑎 + 𝐸𝟐𝑎) (
1
𝑅𝑇
) 
Similar expressions can be developed for the other energies of activation for the other nanoparticle 
systems: 
Equation 5.6. Simplified Arrhenius equation for activation energy between 1 and 3 and 2 and 3. 
ln (
𝑘𝟏𝑎𝑣𝑒
𝑘𝟑𝑎𝑣𝑒
) = (−𝐸𝟏𝑎 + 𝐸𝟑𝑎) (
1
𝑅𝑇
) 
ln (
𝑘𝟐𝑎𝑣𝑒
𝑘𝟑𝑎𝑣𝑒
) = (−𝐸𝟐𝑎 + 𝐸𝟑𝑎) (
1
𝑅𝑇
) 
In its current form the solution for the activation energies using the addition/subtraction 
method does not exist. To compensate for this issue, the kinetic studies have demonstrated that the 
half-life, t1/2, of 3 is an average of 91.8% faster than that of 1. Since, t1/2∝
1
𝐸𝑎
 assumption that E3a 
is 91.775% of E1a is taken into consideration. This assumption reduces the ln(k1ave/k3ave) 
expression to: 
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Equation 5.7. Reduced expression for the activation energy of E1a. 
ln (
𝑘𝟏𝑎𝑣𝑒
𝑘𝟑𝑎𝑣𝑒
) = (−0.08225𝐸𝟏𝑎) (
1
𝑅𝑇
) 
This allows for the solution of E1a, E2a, and E3a, summarized in Table 5.3. The effect of 
increasing the Ag(I) content on the activation energy shows no linear regression. Increasing the 
amount of Ag(I) from 25% to 50% decreases the activation energy of the rate determining step by 
99.24%, compared to a 30.30% increase from 0% Ag(I) to 25%. The increase of Ag(I) should 
result in an increase in lattice destabilization and this pattern is demonstrated by the decrease in 
activation energies calculated. Based on the kinetic results, it can be determined that the 
enhancement of metal-halide sensing behavior is determined based on the slow crystal 
rearrangement that occurs after nucleophile adsorption. Metal-halide sensing has successfully been 
accomplished in this study by incorporating Ag(I) ions into the CuI host lattice to increase reaction 
rates upon exposure to nucleophilic vapors.  
Table 5.3. Calculated activation energies of 1-3 exposed to DMS vapor. 
System Activation Energy 
1 72.434 kJ/mol-K 
2 50.485 kJ/mol-K 
3 0.551 kJ/mol-K 
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Figure 5.6. Kinetics measurements of 1-3 exposed to DMS. Graphs of intensity versus exposure 
time at (left) 4.334 × 10–5 mol hr–1 and (right) 8.665 × 10–4 mol hr–1. Each graph is the average of 
three trials, error bars represent one standard deviation. 
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5.4. Conclusions 
The findings from this study show the importance of investigating heterometallic systems 
in comparison with homometallic systems in vapochromic response for sensing materials. The 
incorporation of Ag(I) into the synthesis of CuI nanoparticles does not change the overall zinc-
blende structure of the nanoparticle and has minimum effect on the final luminescent species upon 
exposure to nucleophilic vapors. Kinetic studies have revealed that the vapochromic reactions 
between 1-3 and dimethyl sulfide is a two-step mechanism where the second step is the rate 
determining step. These studies have revealed that introduction of silver(I) results in a rapid 
increase in reaction time, with an average half-life for 3 at 7.995 seconds compared to that for 1 at 
97.05 seconds. The activation energies of 1-3 have been calculated to demonstrate that increased 
Ag(I) lowers the forward activation energy of the system by 99.24% when comparing 1 to 3. The 
findings in this study suggest that heterometallic systems are able to perform more efficiently and 
faster than homometallic systems in the vapochromic reaction of metal salts with nucleophilic 
vapors. 
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CHAPTER 6 
CONCLUSIONS AND FUTURE WORK 
6.1. Conclusions 
6.1.1. Varying Organic Ligands in Lanthanide Complexes 
Ph3PO, DppeO2, and Ph3AsO were utilized with trivalent Ln-nitrates in synthesizing 
various complexes. The preparation of mer- Ln(NO3)3(Ph3PO)3 from Ln(NO3)3·xH2O and Ph3PO 
in chloroform (Ln = La, Nd, Sm, Eu, Gd, Tb, Dy, and Er) has been documented. Most interestingly, 
Ytterbium(III) nitrate produced a unique salt when reacted with Ph3PO: trans- 
[Yb(NO3)2(Ph3PO)4][Yb(NO3)4(Ph3PO)]·Et2O which contained Yb in both the cation and the 
anion. Nitrate ions were again chelating. Formation of this complex with an overall Ln:Ph3PO ratio 
of 1:2.5 reflects the relatively small ionic radius of Yb3+. The emission properties for these 
complexes revealed only the Tb complex demonstrated increased emission through the antenna 
effect. The preparation of {Ln(NO3)3(DppeO2)1.5}n from Ln(NO3)3 and DppeO2 in MeOH (Ln = 
Sm, Eu, Tb, and Dy) and the preparation of Ln(NO3)3(Ph3AsO)3 from Ln(NO3)3·xH2O and Ph3AsO 
in chloroform (Ln = Sm, Eu, Tb, and Dy) were further investigated for their LMCT capabilities as 
well.  DppeO2 and Ph3AsO complexes revealed emission properties were enhanced through the 
antenna effect for both Eu and Tb complexes. This is believed to be due to both ligands singlet 
state transferring energy into the Ln3+ ion as opposed to the triplet state transferring energy into 
the  Ln3+ ion as demonstrated by mer-Ln(NO3)3(Ph3PO)3 complexes. Increased emission properties 
for Tb(NO3)3(Ph3PO)3, Tb(NO3)3(Ph3AsO)3, Eu (NO3)3(Ph3AsO)3, {Tb(NO3)3(DppeO2)1.5}n, and 
{Eu(NO3)3(DppeO2)1.5}n was demonstrated through the antenna effect and are likely candidates 
for organic light emitting diodes.  
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6.1.2. Group 11 Iodide Sensing Materials 
 CuI, Cu0.75Ag0.25I, and Cu0.50Ag0.50I nanoparticles were synthesized and investigated as 
potential detector substrates for the detection of nucleophilic vapors in the air. Nanoparticles size 
were determined through TEM characterization. Increased Ag(I) lead to larger nanoparticle size 
from 18 nm (no Ag added) to 45 nm (1:1 ratio Cu/Ag). PXRD characterized there was a 
homogenous zinc-blende motif of 𝛾-MI and demonstrated no PXRD peak attributing to pure CuI 
or AgI for both heterogenous nanoparticles.  
These nanoparticles readily react with sulfur and amine containing vapors at room 
temperature demonstrated a luminescence signature under UV irradiation upon exposure. The 
luminescence color varied to some degree with the nucleophilic vapor used, suggesting the 
potential to differentiate between various nucleophilic vapor. Kinetic studies with saturated vapor 
pressure using dimethyl sulfide were conducted upon exposure to each nanoparticle substrate. 
These studies revealed that there is a two-step mechanism in which the second step is the rate 
determining step. The introduction of Ag(I) into the substrate resulted in increased reaction times 
and demonstrated lower activation energy barriers as well. These heterometallic substrates 
demonstrate the ability to perform faster and more efficient than CuI in response to nucleophilic 
vapors. These heterometallic systems demonstrate the ability to be competitive substrates to be 
utilized in chemical sensors.  
6.2. Future Work 
6.2.1. Varying Organic Ligands in Lanthanide Complexes 
Of all the complexes that were synthesized, the Eu and Tb complexes of all the ligands 
seem to demonstrate the most interesting photophysical properties. Further investigation of 
lifetimes, quantum yields and TD-DFT calculations are needed to better understand the energy 
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transfer mechanism taking place through the antenna effect. Lanthanide complexes have 
previously demonstrated the ability to have binding solvents to the Ln3+ metal ion. Due to this 
phenomenon, all Eu and Tb complexes previously synthesized will be investigated for their ability 
to detect various solvent vapors by monitoring the luminescence response.269–273 Further sensing 
capabilities will be investigated by monitoring the luminescence response to hard oxygen 
containing nucleophilic vapors as well. Due to the likelihood of Ln binding to oxygen, it is believed 
that hard nucleophiles like that of dimethyl sulfoxide can be detected in the vapor phase.  
6.2.2. Group 11 Iodide Sensing Materials 
 Kinetic experimental results upon exposure to dimethyl sulfide vapors have revealed 
increased reaction times upon addition of Ag to the substrate. Other nucleophilic vapors that are 
sulfur based will studied to observe if the same trend occurs. Further experimentation with amine 
nucleophilic vapors upon exposure to substrates 1-3 will be carried out for comparison to the sulfur 
containing nucleophilic vapors to demonstrate if the trend is the same. Hard nucleophilic vapors 
that contain oxygen were not detected most likely due to the softness of the current substrates. 
New substrates are being looked into for their intent of detecting such hard-nucleophilic vapors. 
Of current interest is the incorporation of another group 11 metal, Au. Other metals, like that of 
Zn2+, are being considered to incorporate into CuI or AgI due to zinc’s attractiveness of oxygen. 
The possibility of incorporating Ln3+ is also being explored due to the previous reported sensing 
abilities of solvent molecules and their likelihood of forming Ln-O bonds.  
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